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Quantum dots (QDs) and conducting polymers (CPs) are examples of novel 
advanced novel materials that possess intrinsic properties suitable for measurement. 
Fluorescence of QDs and conductivity of CPs can be easily quantified by devices 
such as fluorescence microplate reader and electrical instrumentation, respectively. 
Hence QDs and CPs are attractive platforms for the development of biosensing 
transducers that can directly translate a biological binding event into fluorescence and 
electrical signals. This research investigates the mechanism correlating the biological 
binding event with the change of materials’ intrinsic property. The investigations 
were subsequently used to develop sensory systems and apply them for sensing 
important biological analytes.  
QDs used were capped with glutathione (GSH) shells. GSH and its polymeric 
form, phytochelatin, are employed by nature to detoxify heavy metal ions. Detailed 
studies show that competitive GSH binding of Pb2+ with the QD core changed both 
the surface and photophysical properties of QDs. Coupling the GSH-capped QDs 
with high-throughput detection system, a simple scheme for the quick and 
ultrasensitive Pb2+ detection without the need for additional electronic devices was 
developed.  
Functionalized 3, 4-ethylenedioxythiophene (EDOT) monomers were 
synthesized and the conductivity profile of poly(C4-EDOT-COOH)-coated electrode 
junctions in aqueous buffers could be manipulated by modulating the negative charge 
density in the polymer matrix through side-chain functional groups. Upon fixing the 
 ix 
applying voltage of interdigitated electrodes at the transitional stages, the polymer 
coated device was utilized as pH resistive sensors. Nanowire EDOT polymers were 
further developed.  Fabricated MEMS electrode junction devices, integrated with 
EDOT nanowires, immobilized with DNA probes, were utilized as a liquid gated 
field-effect transistor and the hybridization of the negatively charged complimentary 
DNA was found to increase the conductivity of the nanowire. The development 
potential of a ‘Lab on Chip’ device in the application of ‘Label-free’ DNA detection 
was demonstrated by this integrated EDOT and MEMS system. 
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Chapter 1 : Introduction to Materials-based Biosensors and 
Literature Review 
Research Abstract 
Quantum dots (QDs) and conducting polymers (CPs) are examples of novel 
advanced novel materials that possess intrinsic properties suitable for measurement. 
Fluorescence of QDs and conductivity of CPs can be easily quantified by devices 
such as fluorescence microplate reader and electrical instrumentation, respectively. 
Hence QDs and CPs are attractive platforms for the development of biosensing 
transducers that can directly translate a biological binding event into fluorescence and 
electrical signals. This research investigated the mechanism correlating the biological 
binding event with the change of materials’ intrinsic property. The studies were 
subsequently used to develop sensory systems for detecting important biological 
analytes.  
By coupling the glutathione (GSH)-capped QDs with high-throughput 
detection system, a simple scheme has been developed for quick and ultrasensitive 
Pb2+ detection without the need of additional electronic devices. Fabricated MEMS 
electrode junction devices integrated with EDOT nanowires were utilized as a liquid-





In this age of technology advancement, we are increasingly reliant on the tools 
that give us analytical information pertaining to health care, food, pharmaceutical, 
bioprocessing industries, environmental monitoring, defense and agriculture.1 A key 
role of information acquisition is played by sophisticated analytical laboratories, often 
within centralized facilities, which are both capital- and labor-intensive.  
However, there are many instances whereby such arrangements are not 
adequate. For instance, in the area of medical healthcare, immediate testing and 
monitoring of bio-marker analytes can be critical in the diagnosis and treatment of 
diseases. In the environmental setting, public concern and legislation are now 
demanding better environmental control of hazardous chemical waste.2-4 The 
conventional laboratory analysis methods not only are expensive and time-consuming, 
but also require the use of highly trained personnel. On-site analysis would also be 
preferred.  
Hence, in recent years, great emphasis has been placed on the development of 
bioanalytical tools that are able to provide detection that is fast, reliable and sensitive. 
Development of effective analysis tools for environmental monitoring and ‘point-of-
care’ systems diagnostic systems for patients are also of great interest.  
Biosensors Based on Advanced Materials  
Biosensors can be defined as an analytical device that consists of a biological 
recognition entity intimately coupled to a physical transducer. The binding of a 
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specific biological target to the device’s recognition site triggers a measurable signal 
from the transducer. The two distinct parts of the device are classified as the bio-
recognition element and the signal transducer component.  
The bio-recognition element is very specific to the targeted biological analyte. 
Antibodies, enzymes and aptamers are recognition elements for the detection of 
specific proteins. Single-stranded DNA capture probes will only bind with the 
complimentary sequences of DNA due to the nature of base pairing, and hence they 
are commonly used as the recognition element in DNA sensors.  
The general principal of a biosensor is illustrated in Figure 1-1 below. It 
highlights the important relationship between the biological recognition-response 
system and its transducer, which has to convert the binding biological signal between 
the receptor and its target analyte into a measurable signal.  
 
 
Figure 1-1. Schematic of a generalized biosensor.1 
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Traditionally, the biosensing transducers can be categorized into four main 
types: electrochemical, piezo-electric crystals, and optical (Table 1-1). The 
electrochemical systems are broadly based on amperometric and potentiometric 
measurements. Amperometric systems generally monitor the Faradic currents that 
arise when electrons are exchanged between the biological system and the electrode 
maintained at a constant potential. Potentiometric biosensing devices measure the 
accumulation of charge density at the electrode surface brought upon by the selective 
binding of its bio-recognition sites. Immuno sensors are based on field effect 
transistors (FETs) that are built from typical semiconductors such as silicon oxide.  
Piezo-electric biosensors are based on monitoring the resonant frequency 
change of the piezo-electric crystal due to the change of its mass caused by the 
‘recruitment’ of biological analytes by the bio-probes immobilized on the crystal 
surface.  
Optical biosensors are based upon fluorescence emitting materials, such as 
pH-sensitive dyes or light emission from a biological element that can be 
conveniently monitored via optical fibers and other optical waveguide devices. These 







Transducer system Measurement mode Typical applications 
1.   Electrochemical   
      (a) Conductimetric Conductance Enzyme-catalyzed reactions 
      (b) Enzyme electrode Amperometric Enzyme substrates and 
immunological systems 
      (c) Field effect transistors  Potentiometric  Ions, gases, enzyme substrates 
and immunological analytes 
2.   Piezo-electric crystals Mass change Volatile gases, vapors and 
immunological analytes 
3.   Optoelectronic Optical pH, enzyme substrates, 
immunological analytes 
 
Table 1-1. General classification of transducers.6 
 
 One of the major shortcomings of the conventional biosensing transducers is 
the lack of integration and compatibility between the bio-recognition elements and 
the transducers. In an ideal biosensor, the recognition and transducing components 
have to be closely linked, allowing the transducer to be easily influenced by the 
biological binding event. However, a significant number of bio-probes could not be 
easily immobilized onto the metal electrodes, semiconducting inorganic materials and 
organic dyes, thus limiting the range of biosensing applications.  
 Another shortcoming is the low magnitude of the signal generated by these 
transducers, which would require a significant degree of amplification. For instance, 
the Faradic currents in typical glucose sensors are within the nanoampere range, 
making it susceptible to potential background noise. 
 The development and discovery of novel advanced materials such as quantum 
dots (QDs) and conducting polymers (CPs), pave the way for potentially new 
biosensing platforms. These materials are classified as ‘advanced’ due to their 
intrinsic measurable property. QDs exhibit fluorescence properties, including narrow 
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emission and broad excitation bandwidth, and good quantum yields. CPs are organic 
semiconductors that have intrinsic conductive properties, and can be easily integrated 
to fabricated devices.  
 Both materials have the potential to be developed into a biosensing transducer 
as illustrated in Figure 1-2. The surface binding event could transduce a significant 
change to the intrinsic physical property of the substrates, which can then be easily 
measured by an external signal detector. QDs generate strong fluorescence signals, 
and CPs are highly conductive in their doped states. Thus, the signal generated by the 
biological event could be potentially high, reducing the complexity of the external 
detection devices. QD-based sensors could be easily coupled with the typical 
laboratory fluorescence detectors, and CP biosensors can be easily integrated to 
fabricated electrical devices.  
 There is also greater flexibility in integrating various bio-probes to these novel 
materials due to the numerous ‘bottom-up’ and ‘top-down’ approaches that can be 
taken during their synthesis and functionalization. QDs can be easily capped and 
surface conjugated with specific bio-probes, while CPs can be molecularly modified 
with relevant side-chain functional groups in its monomer phase or can undergo its 
post-polymerization functionalization with bio-probes.  
 The superiority of these advanced materials forms the main motivation behind 
this research. In an effort to develop better and more efficient biosensors, the research 
objective is to utilize the intrinsic properties of these materials, and demonstrate their 
potential as practical biosensing platforms.  
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Figure 1-2. Schematic of a biosensor based on an advanced novel material substrate.  
Literature Review 
Quantum dot based biosensors 
Fluorescence-based sensing system has been previously built from organic 
dyes such as the modified rhodamine chemosensor designed to detect the presence of 
Pb2+ ions.7 The attachment of the ion changes the fluorescence property of the organic 
dye. QDs offers an alternative approach to organic flurophores. The fluorescence 
property of QDs is similar to the conventional flurophore, but QDs offer several 
advantages over the conventional dyes. QDs generally have higher resistance to photo 
bleaching, broader excitation with narrower emission band, and tunable emission 
wavelength as compared to the conventional dyes.8 In addition, the synthesis 
procedures of QDs are simpler and hence potentially less expensive.9, 10 Two different 
Integration/Immobilization of bioactive 
molecules to recognize markers and 
biological events 
 8 
approaches have been used to create a sensor that respond with a fluorescence 
quenching effect.  
The direct approach involves a direct attachment of the target analyte onto to 
the surface of the QD. Ag+ and Cu2+ ions were reported to have combined directly 
with the crystalline core of the QD.11 A fluorescence intensity quenching, 
accompanied with a ‘red’ shift in the emission spectrum, was observed. The 
introduction of the metal ion into the crystalline core of the QDs results in the change 
of the emission spectrum. The effect of metal ion doping resulted in the formation of 
the surface defects. It was proposed that the formation of these surface defects would 
create non-radiative electron/hole recombination sites that might subsequently trigger 
fluorescence quenching. 
Fluorescence enhancement of water-soluble CdS QDs surface modified with 
L-cysteine was also proposed for optical sensing of trace levels of silver ions.12 The 
authors proposed that the complex formation between the silver ions and the RS 
groups adsorbed on the surface of the modified QDs gave rise to new radiative 
centers in the CdS/Ag-SR complex, resulting in the observed enhancement of the 
fluorescence. 
A less direct approach of sensing employs an assay-based system, using 
fluorescence resonance energy transfer (FRET).13 FRET is an energy transfer 
mechanism between two fluorescence molecules. This occurs when the emission 
spectrum of the donor fluorescence molecule overlaps with the excitation spectrum of 
the acceptor molecule. QDs are often used as a FRET donor. The ability to tune the 
 9 
QD photoemission properties would enable efficient energy transfer with a wide 
range of conventional organic dyes. The high quantum yields of QDs make the 
energy transfer very efficient14. In FRET sensing applications, the target biomolecule 
is pre-labeled with a suitable fluorescence dye that acts as the FRET acceptor. Energy 
transfer from the QD to the dye occurs when the biomolecule-dye conjugate binds to 
the QD surface, causing its fluorescence to quench. CdSe QDs were previously used 
as energy donors in the development of a QD-based sensor for the detection of 
maltose.15 The same approach has also been applied to protein detection.16, 17 
FRET is only possible when the donor and acceptor elements are in proximity. 
The inherently large size of most QDs, especially after bio-probe conjugation, makes 
them almost impossible for the receptor dye to come in close proximity. This greatly 
limits the application of QDs as a FRET-based sensor. The additional step of pre-
labeling the biomolecules with the FRET acceptor dye makes the detection scheme 
less favorable when applied as practical biosensing systems. Hence, the direct 
approach of inducing a fluorescence change to the QDs by surface binding of 
biomolecule targets is the preferred detection method. In this research, we utilized 
this route, and demonstrated the biosensing application based on GSH-capped QDs.  
Conducting polymer based biosensors 
 Conductivity-based sensors built on electrically conducting polymers offer 
great promise for the detection of a wide variety of analytes.18  They provide greater 
current output compared to the amperometry-based devices.19  These aspects have 
been exploited in biosensing applications. In most CP-based biosensors, redox-active 
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enzymes are coupled and entrapped within the polymer matrix.18, 20-22 In an enzyme-
based system, the CPs could play three important roles.18 It is used to physically 
entrap the enzymes on a substrate. Secondly, it functions as an electron mediator, 
shuttling electrons between the electrode surface and enzyme. Lastly, it can be used 
as a transducer to report the biological binding event.   
The thickness and porosity of most CPs can be controlled. CPs can also be 
selectively immobilized by electropolymerization over small specific areas, providing 
an easy method to produce a functionalized microelectrodes in devices.22 These 
features make the polymer an attractive base for enzyme entrapment. Enzyme 
entrapment have been accomplished either through covalent or non-covalent 
methods.23 Enzymes such as glucose oxidase,24-27 galactose oxidase,28, 29 lactate 
dehydrogenase30-32 and penicillinase33 have been successfully entrapped and utilized 
as sensors. However, despite the close proximity between the entrapped enzymes and 
the polymer, the instances of the CPs acting as an electron conduit between the 
enzyme and electrode have been limited.18 Thus, CP’s transducing role in biosensing 
systems remains the most viable option. Mechanistic studies with regards to CP’s 
electrical and optical properties have garnered great attention in recent years and have 
been utilized in the development of potential biosensing applications. 
The electroactivity and optical properties of many CPs are directly related to 
their protonated states, redox states and conformation.18 Traditionally, the intrinsic 
conductivity of polymers can be increased or reduced by a variety of molecular 
mechanisms upon analyte binding,34 including charge localization,35, 36 analyte-
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induced reductions in conjugation length,37-39 and segmental energy 
matching/mismatching from adjacent redox-active sites.40 Redox-active enzymes 
embedded in the CPs can be used to produce products that greatly influence the local 
pH. An example is the entrapment of glucose oxidase within the matrix of a pH-
sensitive CP such as polyaniline.27 The presence of glucose triggers a change to the 
local pH, which induces a conductivity change to the polyaniline. Thus, polyaniline’s 
conductivity can be used to detect glucose levels. A similar approach was also 
developed to detect penicillin.33 In another example, a bilayer membrane containing 
urease was attached with biotin-avidin on polypyrole to detect urea by monitoring the 
polymer current flow as the urea concentration was increased.41 The working 
mechanism of the sensor was based on the pH change that was induced by the 
increase in the ammonium ion concentration, which was the product of urease 
enzymatic action on urea. Most of the enzymes were entrapped within polypyrole, 
which was found to provide the most reproducible films and have the best enzyme 
retention when the films were exposed to organic solvents.42  
   Besides enzymes, sDNA and antibodies are important bio-recognition 
elements. The binding efficiency of these receptors is significantly reduced when 
entrapped within the polymer. Thus, direct conjugation of sDNA and antibody 
receptors is the preferred method to immobilize these receptors onto the CP. However, 
one of the inherent problems with CPs such as polypyrole and polyaniline is the lack 
of side chain functionality. This limits their use in biosensing applications as the lack 
of functionalized side chains would restrict the bio-receptor conjugation options. 
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Rabbit IgG antibodies have been previously conjugated to polyaniline and applied as 
a sensor.43, 44 There are also a few reports of CP’s interaction with DNA.45-48 
However, these applications have been rather limited. 
In recent years, CPs derived from 3,4-ethylenedioxythiophene (EDOT) have 
attracted considerable interest due to their stability, high transparency, moderate 
conductivity, flexibility for side chain functionalization, and water compatibility.49 
Detailed studies have shown that PEDOT is a more attractive candidate to replace the 
popular polypyrole for continuous sensor applications due to its superior 
electrochemical stability.50 PEDOT has been applied to glucose sensing 
applications.24 In this example, the PEDOT was utilized as an electrochemical 
mediator that shuttled electron from the redox catalytic site of the glucose oxidase in 
the presence of glucose, to the track-etch membrane electrodes of the system. The 
close proximity between the glucose oxidase enzyme and the polymer facilitated the 
transfer of electrons between the enzymes and the CP. PEDOTs have also been 
applied as DNA sensors.45 However, in this example, the sDNA capture probes were 
merely entrapped during polymerization, limiting their binding efficiency.  
Despite the numerous advantages of the PEDOT over other CPs, its 
biosensing applications to date have been rather limited and thus, its full potential has 
yet to be realized and would be explored in this research.  
Development of DNA sensors 
 The detection and quantification of specific DNA sequences is of great 
importance to numerous medical applications especially in the area of early disease 
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diagnosis. Thus, DNA sensors research and development have attracted a lot of 
attention recently. Optical detections of DNA were previously achieved with 
fluorescence-labeled oligonucleotides (ODNs)51 and quantum dot labeled ODNs.52 
The introduction of real-time PCR technology has significantly improved and 
simplified the quantification and detection of nucleic acids, providing researchers 
with an invaluable tool for disease diagnostics applications. This method is based on 
the conventional PCR, which is used to amplify the amount of the target DNA 
sequence. By integrating the technique with fluorescent dyes that intercalate with 
double-stranded DNA, the amplified DNA can be quantified as it accumulates in the 
PCR reaction in real time after each amplification cycle53. However, its DNA 
detection is dependent on the fluorescence dyes and hence, simultaneous detection of 
multiple DNA targets has been limited by the availability of suitable intercalating 
dyes that have minimal overlap in their emission spectra.54 Thus, researchers have 
placed great efforts towards developing an alternative method to overcome the 
limitations of the fluorescence-based detection systems. 
 Recently, there has been rapid development of electrochemical DNA sensors 
utilizing metal complexes,55 organic redox indicators,56 enzymes57 and nanoparticles58, 
59 as signal labels. Amongst the various electrochemical techniques used, 
electrochemical impedance spectroscopy (EIS) has been proven to be an effective and 
sensitive method for the characterization of biomaterial-functionalized electrodes and 
bio-recognition events on electrode surfaces.60 In situ hybridization kinetics of 
PNA/RNA have been investigated with EIS.61 DNA hybridization involving enzymes 
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or a biotin-avidin architecture has also been investigated. The limitation of these 
electrochemical detection methods is the dependence on a ‘labeling’ and 
‘amplification’ agent, which introduces additional steps to the detection protocol.  
 Thus, there has been increasing interest towards developing ‘label-free’ DNA 
detection systems. Recently developed ‘label-free’ nanowire DNA sensors operate on 
the basis that the change in chemical potential accompanying the DNA hybridization 
can act as a field-effect gate upon the nanowire, thereby changing its conductance.62, 
63 Various methods have been employed to synthesize the nanowires, which are then 
assembled into individual devices.63, 64 A novel patterning method, superlattice 
nanowire pattern transfer (SNAP) has been demonstrated to produce large arrays of 
silicon nanowires with excellent characteristics. These silicon nanowires were 
subsequently applied as DNA sensors with femtomolar sensitivity.63-65 
CPs deposited on electrodes have the potential to act as an electronic 
transducer that generates the detection signal upon DNA hybridization. A very 
interesting area of research would be to apply nanowire CP as a potential platform for 
DNA sensing. Several methods have been employed to synthesize CP nanowires 
using templates66 and chemical means,67 however integrating these nanowires into 
individual devices and immobilizing the required DNA probes remains a major 
challenge to overcome. 
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Research outline 
 This research would examine two types of detection systems. A fluorescence 
detection system based on the GSH-capped QDs would be presented in Chapter 2.  
An electrical detection system based on PEDOT integrated on microelectrode devices 
would be described in Chapters 3 and 4. Both studies would investigate the 
mechanistic behaviors of QDs and CPs as transducing materials, and demonstrate 
their development as practical, simple and effective biosensing systems.  
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The synthesis of glutathione (GSH)-capped quantum dots (QDs) in aqueous 
solution is cost-effective and convenient, as compared to the conventional 
organometallic approach previously reported1, 2 The fluorescence of these GSH-
capped QDs were tunable between 360 nm and 650 nm, depending on the core 
composition and size. The QDs achieved quantum yields (QYs) as high as 50%, 
comparable to QDs derived from organometallic methods, along with narrow 
bandwidths (19-32 nm). The approach could be easily scaled up for the commercial 
production of nanocrystals of various compositions. These aqueous compatible QDs 
were successfully applied as fluorescence labeling in biological imaging applications. 
In this chapter, the GSH-capped QDs are applied as a sensitive transducer that 
directly translates the binding of the Pb2+ ion to a measurable change in its 
fluorescence property. By coupling the GSH-capped QDs with a suitable high-
throughput detection system, we can develop a simple scheme for the quick and 
ultrasensitive Pb2+ detection without the need for additional electronic device.  
GSH plays an important role in heavy metal detoxification in cells in plants, 
yeasts and bacteria, allowing the latter to grow in toxic soils. The physiological 
mechanism of detoxification involves the binding of heavy metal ion clusters by GSH, 
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followed by metal-GSH complex polymerization to form metal sulfide-phytochelatin 
core-shell nanoparticles3. This natural phenomenon suggests that GSH or 
phytochelatin consists of the right shape and affinity for heavy metal ion binding. 
Both GSH and phytochelatin have been previously integrated into electrochemical 
systems for the detection of heavy metal ions.4, 5 Considering this, the competitive 
binding of free heavy metal ions such as Pb2+ should alter the surface structure of our 
GSH-capped QDs, changing the photophysical properties of the latter. It is well 
known the surface conditions of the QD would affect its emission intensity6-8, thus, 
we would expect the GSH-QD’s emission intensity to be affected by heavy metal ions.  
Contamination by heavy metal ions, particularly Pb2+, poses a serious threat to 
human health and the environment.9 Lead poisoning has been related to several 
diseases associated with environmental pollution.10 The European Parliament is 
regulating lead usage in electronics to prevent hazardous chemical waste leaking to 
the groundwater.11 US Environmental Protection Agency (EPA) set the safety limit of 
lead in drinking water as 15 μg/L. Due to health concerns and legal restrictions, it is 
critical to have probes that can provide rapid on-site evaluation of heavy metal 
contents. Towards this goal, various research groups have examined novel fluorescent 
probes that can selectively respond to Pb2+ over the past few years. These probes are 
either based on small organic luminescent dyes,12, 13 DNAzymes,14 or 
metalloregulatory proteins.15 However, they generally displayed a detection limit of ~ 
10-1 μM, and await further improvements on sensitivity and selectivity. 
 22 
Recent advances in QDs have shown great promise in molecular detection.16-
19 These nanocrystalline materials displayed superior luminescence properties and 
stability in aqueous solutions, and several groups have employed them as ion probes. 
Rosenzweig and coworkers showed that fluorescence intensity of thioglycerol-coated 
CdS QDs was reduced selectively in the presence of Cu2+.20 Leblanc and coworkers 
also described the optical detection of Cu2+ and Ag+ with peptide-coated CdS QDs.21 
However, no reports have shown responses of QDs towards Pb2+. In this study, the 
GSH-capped ZnCdSe and CdTe QDs were applied as selective fluorescent Pb2+ 
probes with a low detection limit (20 nM). Integrated with microarray techniques, the 
GSH-capped QDs were applied as rapid, convenient and reliable assays for heavy 
metal ion detection. Detailed mechanistic investigation was conducted via 
spectroscopy, microscopy, and dynamic light scattering (DLS) to show the effects of 
competitive GSH binding of Pb2+ with the QD core on the surface and photophysical 
properties of QD. These mechanistic studies were used to rationalize the fluorescence 
quenching phenomenon and subsequent particle aggregation. 
 
Experimental Section 
Materials and Reagents 
All chemical reagents were purchased from Sigma-Aldrich, Merck, and 
Avocado, and used as-received without further purification. The syntheses of GSH-
capped CdTe and ZnCdSe QDs were described previously1, 2. The QD stock solution 
 23 
was dialyzed to remove the remaining unbound GSH. Concentrated 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer solution (1 M, pH 
7.4) was purchased from Invitrogen. 10 mM of HEPES buffer solution was 
subsequently prepared, and used as the medium for QD solutions. 
 
Quantum Dot Synthesis 
The nature-mimicking synthesis of GSH-capped QDs with good quantum 
yields and long-term stability was previously reported by our collaborators.1, 2 CdTe, 
ZnSe and ZnCdSe QDs were synthesized and applied for the following experiments. 
 
High-Throughput Fluorescence Measurements 
The QDs were dissolved in 10 mM of HEPES buffer at pH 7.4. 75 µL of the 
buffer-diluted QD solution were mixed with 75 µL of cations of varying 
concentrations in a 96-well fluorescence plate using a Beckman Biomek NX Multi 
Dispenser. The experiments were conducted with a freshly diluted QD solution, 
which was prepared prior to each experiment. The fluorescence intensity of the QDs 
under excitation at 345 nm was recorded by a microplate reader (Tecan Safire) within 
5 min after the QDs were mixed with the ionic solution. Eight readings were taken 
under each experimental condition. The relative fluorescence unit was normalized 
with the background reading.  
 24 
Selectivity Measurements 
The following inorganic salts were used for the cation selectivity experiment: 
rubidium perchlorate, sodium nitrate, lithium perchlorate, cobalt(II) acetate, barium 
perchlorate, cesium perchlorate, calcium nitrate tetrahydrate, iron(III) sulfate 
pentahydrate, potassium nitrate, aluminum nitrate, nickel acetate tetrahydrate, zinc 
acetate, lead nitrate and lead acetate. Salt stock solutions of 10 mM were prepared. 
Subsequently, salt solutions of 1 µM were prepared from the 10 mM stock solution 
by serial dilution. High-throughput screening was performed using a Tecan Safire2 
fluorescence microplate reader. 
 
Fluorescence Quenching Measurements 
Lead nitrate was used for the Pb2+ sensitivity studies. Various Pb2+ ion 
concentrations were prepared using serial dilution of the lead nitrate stock solution to 
test the sensitivity limits of the QDs. Pb2+ sensitivity plots of the QDs were obtained 
with methods adopted from high-throughput screening. Using the lead nitrate stock 
solution, Pb2+ concentration ranges of 0.05–20.0 µM and 0.005–1.0 µM were 
prepared. The QDs and the Pb2+ samples were mixed, and the resulting fluorescence 
reading was obtained using a Tecan Safire2 fluorescence microplate reader. 
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Physical Characterization of Fluorescence Quenching with Pb2+ 
DLS measurements of GSH-CdTe QDs in aqueous solution was performed 
with BI-200SM laser light scattering system (Brookhaven Instruments Corporation). 
Averages of 5 measurements were obtained. Mean-size displacement (MSD) volume 
was used as the output data. High-resolution transmission electron microscopy 
(HRTEM) images of Pb2+-treated GSH-CdTe QDs were collected with FEI Tecnai 
TF-20 field emission microscope (200 kV).  
Absorption spectra were obtained at room temperature with an Agilent 8453 
UV-Vis spectrometer. Fluorescence spectra were collected at room temperature on a 
Jobin Yvon Horiba Fluorolog fluorescence spectrometer. The QDs were excited at 
345 nm. 
1 ml of 4 µM of ZnCdSe (λmax = 469 nm) was added to 1 ml of 0.1, 0.25, 0.5 
and 1.0 mM of Pb2+ ions. 1 ml of deionized water and 1.0 mM of Ca2+ were used as 
controls. 3 sets of samples were prepared. UV-Vis absorption and fluorescence 
spectra were collected for the first set of samples. The second set of samples was used 
for DLS analysis and transmission electron microscopy (TEM) studies. The third set 
of samples was placed in 7-ml glass vials, wrapped in aluminum foil, and kept in a 
4°C refrigerator for 24 h. A solution mixture of 40 µM of GSH and 10 mM of HEPES 
buffer was prepared. QDs were introduced to this solution mixture, which was used 
for the GSH interference study. 
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Interference Fluorescence Quenching Measurements 
Dual ionic interference study was conducted by preparing 1 µM of solution 
mixture of Pb2+ and Rb+, Li+, Co2+, Ba2+, Cs+, Ca2+, Na+, Fe3+ or K+. The QDs were 
mixed with the ionic mixture, and characterized by high-throughput screening. For 
the ionic mixture interference study, 5 µM, 10 µM and 50 µM of Na+, Ba2+, Ca2+, 
Mg2+, Co2+, Ni2+, Li+, K+, NO3-, Cl-, ClO3-, CH3COO- and PO43- were prepared with 
10 mM of HEPES buffer. QDs were introduced to the ionic mixture, which was then 
mixed with various concentrations of Pb2+ ions, and characterized by high-throughput 
screening. 
 
Results and Discussion 
As shown in the low-magnification TEM image of GSH-CdTe (Figure 2-1(a)), 
these QDs were well dispersed in aqueous solution. They demonstrated high quantum 
yields, and were successfully applied towards cell imaging. The luminescent intensity 
of these QDs were pH-dependent (Figure 2-1(b)). Therefore, QDs in the following 
experiments were first dispersed in HEPES buffer solution (10 mM, pH 7.4). 
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Figure 2-1. (a) Low magnification TEM image of GSH-CdTe. (b) Fluorescence 
intensity of GSH-ZnCdSe (λmax = 469 nm) in HEPES buffer at different pH. 
 
Selective Fluorescence Quenching of GSH-Capped QDs by Pb2+  
Herein, the selective fluorescence quenching experiments were performed 
with GSH-capped CdTe (GSH-CdTe) (emission λmax = 529 nm) and GSH-capped 
ZnCdSe (GSH-ZnCdSe) (emission λmax = 469 nm). Both QDs were 3 nm in diameter 
(Figure 2-1(a)), and emitted maximum fluorescence intensity by excitation at 345 nm. 
QDs of similar diameter were applied so that their responses could be compared, and 
they were surface-capped with similar amounts of GSH. The dialysis-purified QD 
solutions contained no free GSH.  
75 µl of GSH-capped QDs (4 nM) were first dispersed in HEPES buffer 
solution (10 mM, pH 7.4), and then added to the same amount of metal cation 
solutions (1 µM) in a 96-well plate. The fluorescence intensity of individual wells 
was measured with a fluorescence microplate reader. Figure 2-2 shows that both 
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GSH-CdTe and GSH-ZnCdSe displayed no quenching response to alkaline and 
alkaline earth metal ions, Fe3+, Al3+, Ni2+ and Zn2+. In contrast, they demonstrated 
complete fluorescence quenching in the presence of Pb2+ ions. This selective response 
toward Pb2+ ions prompted us to conduct further studies on the fluorescence 
quenching. 






















Figure 2-2. Effect of different ions on the fluorescence intensity of 4 nM of (□) GSH-
ZnCdSe (λmax = 469 nm) and (■) GSH-CdTe (λmax = 529 nm) in 10 mM of HEPES 
buffer at pH 7.4. The excitation wavelength was 345 nm. 
 
Mechanism of Pb2+ Detection by GSH-Capped QDs 
The selective metal ion response (Figure 2-2) of GSH-capped QDs is 
correlated to the relative metal–sulfide bond strength, determined by their respective 
Kspa value22. The GSH capping layer was very crucial towards the quantum yield and 
water stability of the QDs derived. The displacement of GSH capping consequently 
created imperfections on the QD surface, resulting in fluorescence quenching.  
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The selective fluorescence quenching could be rationalized by the competitive 
GSH binding between the QD core and the metal ions present in the solution. Kspa 
value of Pb–S (3×10-7) is much lower than that of Zn–S (2×10-4) and comparable to 
that of Cd–S (8×10-7). Therefore, we proposed that the GSH capping was 
preferentially displaced from the surface of the QDs upon binding with Pb2+ ions.  
 
Figure 2-3. Effect of Pb2+ ion concentration on the fluorescence intensity of 4 nM of 
(r) GSH-ZnSe (λmax = 395 nm), (¨) GSH-ZnCdSe (λmax = 469 nm) and () GSH-
CdTe (λmax = 529 nm) in 10 mM of HEPES buffer at pH 7.4. The excitation 
wavelength was 345 nm. 
 
Greater fluorescence quenching was observed in GSH-ZnSe QD as compared 
to GSH-ZnCdSe QDs and GSH-CdTe QDs under the same condition (Figure 2-3).  
This could be explained by the weaker Zn–S bond of the ZnSe QD as compared to the 
Cd–S bond of the CdTe QD, suggested by its Kspa values. The weaker bond between 
the ZnSe QD core and its GSH capping enabled the GSH displacement by Pb2+ to 
take place with relative ease as compared to the CdTe QD core, which has a stronger 
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bond with its GSH capping. This hypothesis was supported by the fluorescence 
quenching behavior of the GSH-ZnSe QD relative to the GSH-CdTe QD. The binding 
affinity between the ZnCdSe core and its GSH capping was expected to be greater 
GSH-ZnSe system, but weaker than the GSH-CdTe system. This was reflected by its 
greater sensitivity to Pb2+ as compared to the GSH-CdTe system, but lower sensitivity 
as compared to the GSH-ZnSe system.   
The favorable binding of Pb2+ ion with the thiol group of the GSH peptide has 
been previously reported23. To reinforce this hypothesis, fluorescence quenching 
experiments were conducted in the presence of free GSH (Figure 2-4). Reduced 
fluorescence quenching in the presence of Pb2+ was observed in both GSH-ZnCdSe 
and GSH-CdTe QD solutions containing free GSH. These results suggested that the 
GSH capping of the QDs was related to the fluorescence quenching.  
 
Figure 2-4. Fluorescence quenching by Pb2+ ions for 4 nM of (a) GSH-ZnCdSe (λmax 
= 469 nm) and (b) GSH-CdTe (λmax = 529 nm) in 10 mM of HEPES buffer solution at 
pH 7.4, in the (■) presence and (□) absence of 40 µM of free GSH. The excitation 
wavelength was 345 nm. 
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UV-Vis spectra of Pb2+-GSH complex formation suggested that the selective 
reactivity to metal ions was associated with the GSH coating. A blue-shifted 
absorption peak (lmax = 277 nm) with increased intensity was observed when Pb2+-
GSH complex was formed, as compared to Pb2+ (lmax = 294 nm) or GSH solution 
alone (Figure 2-5). The control experiment showed no spectroscopic difference for 
Al3+ solution in the presence and absence of GSH.  
 
 
Figure 2-5. UV-Vis absorption spectra of (---) GSH, (―) Pb2+ ions, and ( ̵ • ̵ ) Pb2+ 
ions in the presence of GSH. (Inset) UV-Vis absorption spectra of (―) Al3+ ions, and 
( ̵ • ̵ ) Al3+ ions in the presence of GSH. The concentrations of GSH, Pb2+ and Al3+ 
ions were all 20 nM. 
 
Our proposed fluorescence quenching mechanism was different from that 
suggested by other researchers24, 25. It was reported that heavy metal ion displaced the 
Cd in the CdSe and CdTe QDs due to its higher binding affinity to Te and Se, as 
indicated by its lower Ksp values. Chrysochoos and coworkers investigated the 
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quenching emission of CdS with copper ions26, and found that copper ions formed 
ultrafine complexes of CuxS (x = 1, 2).  
To further understand the underlying mechanism in our system, we have 
employed a variety of analytical methods, including fluorospectrometry, DLS and 
TEM (see Table 2-1).  
ion 
concentration RFU





0 mM of Pb2+ 100.0 447 471 3.3d 
0.10 mM of Pb2+ 39.6 447 472 3.0d 
0.25 mM of Pb2+ 13.4 447 473 12.1d 
0.50 mM of Pb2+ 3.7 447 476 66.3e 
1.0 mM of Pb2+ 0.5 446 477 4799e 
1.0 mM of Ca2+ 96.0 448 471 4.5d 
 
Table 2-1. Summary of spectroscopic and DLS data of GSH-ZnCdSe QDs. 
aRelative fluorescence unit. bExcitation at 345 nm. cAverage particle diameter by DLS 
analysis. dClear and homogeneous yellowish green solution after storage at 4°C for 24 
h. eYellowish green precipitate noted at the bottom of the vial after storage at 4°C for 
24 h. 
 
In the reports by Chrysochoos’26 and Ren’s groups25, a shift was noted in the 
absorption and emission spectra of the QDs upon metal ion displacement. In contrast, 
the fluorescence quenching of GSH-ZnCdSe was observed without any significant 
shift in the emission peak as shown in Figure 2-6(a). Only a red shift of 6 nm was 
observed. Similarly, the UV-Vis absorption spectrum (Figure 2-7) showed no 
significant shift in its peak. Its peak remained at 447 nm even in the presence of 
increasing Pb2+ ions. Figure 2-7(e) is the absorption spectrum of the mixture’s 
supernatant due to the precipitation observed in the presence of 1.0 mM of Pb2+. The 
fluorospectrometry study of GSH-QD quenching by Pb2+ ions indicated that the metal 
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constituent of the QD core was not affected, despite the 96% fluorescence reduction 
in the presence of 1.0 mM of Pb2+ ions. This reinforces the theory that the quenching 
phenomenon was due to changes within the QD surface capping as opposed to the 
mechanism previously reported25, 26.   
 
Figure 2-6. Fluorescence spectrum of 4 µM of ZnCdSe (λmax = 469 nm) treated with 
(a) increasing amount of Pb2+, and (b) 1.0 mM Ca2+ (---) as compared to the control in 
the absence of metal ions (___) in 10 mM of HEPES buffer solution at pH 7.4. The 
excitation wavelength was 345 nm.  
 
 
Figure 2-7. UV absorption spectrum of 4 µM of ZnCdSe (λmax = 469 nm) treated with 




Figure 2-8. DLS data of 4 µM of ZnCdSe (λmax = 469 nm) treated with (a) 0, (b) 0.1, 
(c) 0.25, (d) 0.5, and (e) 1.0 mM of Pb2+ and (f) 1.0 mM of Ca2+.  
 
Aggregation of the QDs was only found at high Pb2+ concentrations, leading 
to precipitation. QD aggregation was not observed by DLS in the presence of 0.1 mM 
of Pb2+ ions (Figure 2-8(b)), despite a 60% reduction in fluorescence intensity (Table 
2-1). At a higher Pb2+ concentration of 0.25 mM, the fluorescence of QDs was further 
quenched and particle aggregation was observed by the DLS, as indicated by the 
increase from 3 nm to 12 nm in mean particle size (Figure 2-8(c)). At higher Pb2+ 
concentrations of ≥ 0.5 mM, the loss of more GSH eventually led to QD aggregation 
and precipitation (see Figures 2-8(d) and (e)). These results indicated that the particle 
aggregation and subsequent precipitation should be the secondary effect of surface 
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ligand stripping, instead of being the primary cause of fluorescence quenching. The 
absence of aggregation despite the 60% fluorescence intensity reduction in the 
presence of 0.1 mM of Pb2+ ions supported this claim. 
Control experiments with 1 mM of Ca2+ ions, which earlier showed no 
fluorescence quenching (Figure 2-6(b)) and UV-Vis absorption spectra shift (Figure 
2-7(f)), confirmed that the aggregation and subsequent precipitation of QDs were 
induced by the Pb2+ ions, and not by the increase in the solution’s ionic strength 
(Figure 2-8(f)).  
Low-magnification TEM image (Figure 2-9(a)) confirmed the aggregation of 
QDs in the presence of 1 mM of Pb2+ ions. The high-magnification TEM image 
(Figure 2-9(b)) showed that the crystalline structure of ZnCdSe was not affected by 
the presence of Pb2+ ions. The crystalline integrity of the QD core proved that the 
fluorescence quenching phenomenon was not caused by complete particle dissolution.   
 
Figure 2-9. (a) Low-magnification (b) high-magnification TEM images of GSH-




Figure 2-10. Fluorescence quenching by Pb2+ ions for 10 nM of GSH-ZnCdSe (λmax = 
469 nm) in 10 mM of HEPES buffer solution at (¨) pH 5.2, () pH 7.4, and (▲) pH 
8.8. The excitation wavelength was 345 nm.  
 
Another plausible explanation of the precipitate formation and fluorescence 
quenching was the coordination between Pb2+ and carboxylate of GSH. However, it 
would be difficult to rationalize the selective response towards Pb2+ based on this 
hypothesis. To further evaluate the possibility of this hypothesis, fluorescence 
quenching experiment was performed at different pHs. If the coordination of Pb2+ and 
carboxylate gave rise to the observed phenomena, the detection limit of Pb2+ would 
be pH-dependent. However, the fluorescence quenching was found to vary little 
between pH 5.2 and pH 8.8 (Figure 2-10). Therefore, it was confirmed that the 
fluorescence quenching was unlikely to be due to the carboxylate-Pb2+ coordination. 
Based on these findings, we concluded that the competitive binding of GSH 
with Pb2+ was the primary mechanism for fluorescence quenching. The fluorescence 
intensity of QDs was highly sensitive to their surface protection. Even the removal of 
 37 
a limited amount of surface-bound GSH would lead to dramatic reduction in 
fluorescence. Therefore, a low detection limit and a high sensitivity were achieved 
with the GSH-capped QDs. This would also explain why a decent sensitivity was still 
observed in the presence of a high concentration (40 µM) of free GSH (Figure 2-4).  
 
Detection Limit for Pb2+ Detection 
The Pb2+ detection limit of the GSH-capped QD system was investigated 
further with GSH-ZnCdSe (λmax = 469 nm) at different concentrations. We applied 
this QD system for more detailed studies because of its better long-term stability and 
shelf life. Figure 2-11(a) shows that greater fluorescence quenching was observed at a 
lower GSH-ZnCdSe concentration in the presence of the same Pb2+ concentration. 2 
nM was the minimum QD concentration for Pb2+ detection by fluorescence 
microplate reader with reasonable signal-to-noise ratio (S/N > 3). The measured 
fluorescence intensity was lower than the detection limit of the instrument for GSH-
ZnCdSe solution concentration below 2 nM. Figure Figure 2-11(b) illustrates that the 
GSH-ZnCdSe’s response to Pb2+ was highly reproducible.  
The fluorescence quenching was best described by the Stern-Volmer equation, 
     [ ]QKII SVo += 1  (1) 
where [Q] is the concentration of the quencher (i.e. Pb2+), and KSV is the Stern-
Volmer constant. The linear relationship (R2 = 0.996) of Stern-Volmer plot of I0/I vs. 
Pb2+ concentration (Figure 2-11(c)) suggested that a single class of fluorophores was 
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equally accessible to all the quenchers. It is important to note that 1/KSV corresponds 
to the Pb2+ concentration when 50% of the fluorescence intensity is quenched. The 
linear relationship (R2 = 0.997) between 1/KSV and QD concentration as shown in 
Figure 2-11(d) suggested that we could lower the detection limit with diluted QD 
solution. Under the optimized condition, a 50% reduction in fluorescence intensity 
was observed for 2 nM of GSH-ZnCdSe solution in the presence of 20 nM of Pb2+ 




Figure 2-11. (a) Effect of Pb2+ ion concentration on the fluorescence intensity of (¿) 
2 nM, (▲) 4 nM, (□) 10 nM and (○) 20 nM of GSH-ZnCdSe (λmax = 469 nm) in 10 
mM of HEPES buffer at pH 7.4. (b) Fluorescence quenching of 6 samples of 2 nM of 
GSH-ZnCdSe (λmax = 469 nm) in the presence of Pb2+ ions. (c) Stern-Volmer plot of 
(a). (d) Linear correlation of 1/KSV values of GSH-ZnCdSe (λmax = 469 nm) of 
different concentrations. The excitation wavelength was 345 nm. 
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Pb2+ Detection in the Presence of Other Metal Ions 
To verify the performance of the GSH-capped QDs as a Pb2+ probe in real 
samples, Pb2+ detection was investigated in the presence of other metal ions (Figure 
Figure 2-12). Both GSH-ZnCdSe and GSH-CdTe QDs were able to detect Pb2+ ions 
in the presence of other metal ions, without loss in sensitivity. Reduced sensitivity 
was only observed in the presence of a high concentration of ionic mixtures (see 
Figure 2-13).  
 
Figure 2-12. Response of 4 nM of (a) GSH-ZnCdSe (λmax = 469 nm) and (b) GSH-
CdTe (λmax = 529 nm) in 10 mM of HEPES buffer solution at pH 7.4, in the (■) 
absence and (□) presence of 1 µM of Pb2+ solution containing a specified interference 
metal ion of the same concentration. The excitation wavelength was 345 nm. 
 
Detection of Pb2+ by GSH-ZnCdSe QDs was less sensitive (1/Ksv = 0.78 µM) 
in the presence of an ionic mixture containing 50 µM of Na+, Ba2+, Ca2+, Mg2+, Co2+, 
Ni2+, Li+, K+, NO3-, Cl-, ClO3-, CH3COO- and PO43- ions. However, in the presence of 
an ionic mixture containing only 5 µM of these ions, GSH-ZnCdSe QDs were able to 
detect Pb2+ ions with minimal reduction in sensitivity (1/Ksv = 0.04 µM). The only 
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ions that strongly interfered with the detection were Ag+ and Cu2+ because they also 
showed similar quenching effect as Pb2+ at similar concentration levels.  
This remained the limitation of this system despite its higher sensitivity and 
selectivity as compared to other QD-based metal ion detection systems20, 21. The Cu2+ 
interference was most likely due to a different mechanism such as metal cluster 
incorporation or coordination-mediated aggregation27. It might be eliminated with 
improved peptide coating. Currently, it would be necessary to pretreat the samples to 
avoid interference from Ag+ and Cu2+ ions in the GSH-capped QDs detection scheme. 
Nevertheless, our system would provide for simple, sensitive, and high-throughput 
detection for on-site screening applications prior to more vigorous analysis.  
 
Figure 2-13. Effect of Pb2+ ion concentration on the fluorescence intensity of 2 nM of 
GSH-ZnCdSe (λmax = 469 nm) in 10 mM of HEPES buffer at pH 7.4, in the presence 
of (●) 0 µM, (■) 5 µM, (○) 10 µM and (□) 50 µM of ionic mixture solution. The ionic 
mixture consisted of Na+, Ba2+, Ca2+, Mg2+, Co2+, Ni2+, Li+, K+, NO3-, Cl-, ClO3-, 
CH3COO- and PO43-. The excitation wavelength was 345 nm. 
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Conclusion 
GSH-capped QDs have demonstrated selective fluorescence quenching in the 
presence of Pb2+ ions. 50% of the fluorescence intensity of GSH-ZnCdSe QDs is 
quenched in the presence of only 20 nM of Pb2+. Earlier results have shown that the 
QDs detection limit is lowered by decreasing the QD concentration. The low Pb2+ 
detection limit is primarily due to the superior fluorescence properties of QDs. Even 
low concentrations of GSH-QD (2 nM) are able to emit sufficient fluorescence 
intensity that is within the detection limit of the Tecan fluorescence multi-plate reader, 
and hence, the fluorescence quenching of the diluted QD solution can be detected by 
the instrument. This nature-mimicking system is capable of Pb2+ detection even in the 
presence of an ionic mixture, and only becomes less sensitive when the ionic mixture 
is present at a very high concentration. In the presence of ionic mixtures, our system 
is still capable of Pb2+ detection with a detection limit as low as 40 nM. The system 
only becomes less sensitive when the ionic mixture is present at a very high 
concentration (i.e. ≥ 50 μM).  
The fluorescence quenching was hypothesized to be attributed to the stronger 
binding between heavy metal ions and the surface GSH capping layer. The theory 
was confirmed by detailed mechanistic studies by spectroscopy, microscopy and DLS, 
which showed that competitive GSH binding of Pb2+ versus the QD core changed 
both the surface and photophysical properties of QDs. The direct result was the 
fluorescence quenching of QDs, followed by particle aggregation and precipitation 
due to the ligands stripped by the Pb2+ ions.  
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This study shows that by coupling the highly selective and sensitive GSH-
capped QDs with a high-throughput detection system, the Beckman Biomek NX 
Multi Dispenser and Tecan Safire microplate reader, a simple detection system is 
achieved for the quick and ultrasensitive Pb2+ detection without the need for 
additional electronic devices. The detection is made possible by a ‘smart’ material, 
GSH-capped QD, which behaves as a Pb2+ sensing transducer that directly translates 
the Pb2+ GSH binding event to a fluorescence intensity change reported by the 
fluorescence microplate reader.   
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Chapter 3 : Side Chain Charge Modulation Study of 
Polyethylenedioxythiophene (PEDOT) 
Introduction 
In the second part of the research, electrically conducting polymers (ECPs) are 
used as the sensing material. Similar to the fluorescence emitting quantum dots 
(QDs), ECPs have an inherent semiconducting property that is suitable for 
measurement. In the previous chapter, glutathione-capped QDs were integrated with a 
microarray fluorescence detection system (Beckman Biomek NX Multi Dispenser 
and Tecan Safire) and applied as rapid, convenient and reliable assays for heavy 
metal ion detection. Herein, to apply ECPs as an amperometry-based biosensor, it is 
critical to develop a suitable microelectrode device to be integrated with the ECP.  
This integrated device is connected to a potentiostat to characterize ECP’s 
conductivity at various applied potential. Conductivity-based sensory devices built on 
ECPs offer great promise for the detection of a wide variety of analytes because they 
provide larger current output compared to other amperometry-based devices1-5. To 
apply these materials as biosensors, it is important to design and synthesize ECPs that 
are stable and functionalized in aqueous solution, conjugate the bioprobes through 
functional groups, and examine the mechanism of perturbing the polymer 
conductivity from side-chain recognition.  
Among the ECPs, polyethylenedioxythiophene (PEDOT) is of particular 
interest due to its high stability in aqueous solutions, flexibility of nanostructure 
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assembly, high conductivity, and versatility for side-chain functionalization and 
bioconjugation6-21.  This makes it an ideal candidate as the building block of our 
ECP-based biosensor. The synthesis and characterization of functionalized EDOT 
monomers are described in this chapter. Functionalized PEDOTs would allow 
conjugation of suitable bioprobes for biosensing applications. A hydroxyl EDOT 
monomer, EDOT-OH, and two carboxylic EDOT monomers, C4-EDOT-COOH and 
C2-EDOT-COOH, have been synthesized and polymerized on interdigitated 
microelectrode devices (IMEs). 
The functionalized PEDOTs were electrically characterized and herein, we 
observed the first example of conductimetric response from shifting the conductivity 
curve of poly(C4-EDOT-COOH) and poly(C2-EDOT-COOH), upon oxidative doping. 
Notably, this phenomenon was observed and identified in aqueous solutions, and the 
conductivity maximum remained identical under these conditions. The effect of 
increased negative charge density surrounding the polymer backbone was 
hypothesized to be the rationale behind the observed phenomenon. To verify and 
investigate the hypothesis further, pH-dependent tests, copolymerization comparative 




Materials and Reagents 
EDOT (Sigma-Aldrich), lithium perchlorate (LiClO4, Fluka), sodium dodecyl 
sulfate (SDS) (Alfa Aesar) were used as received. EDOT-OH was synthesized 
according to the literature procedure22, 23. All chemicals were of reagent grade and 
used as received. Anhydrous solvents were purchased from Sigma-Aldrich in a sure-
seal bottle, and introduced in the reaction flask under Ar using standard vacuum/inert 
gas manifold techniques. All other solvents were purchased from J. T. Baker 
(Phillipsburg, NJ). All reagents were purchased from commercial sources, and were 
used without further purification, unless otherwise indicated. Deuterated solvents 
were purchased from Sigma-Aldrich or Cambridge Isotope Laboratories, Inc. 1H and 
13C nuclear magnetic resonance (NMR) data were acquired at 25°C with a Bruker AV 
400 spectrometer. Flash chromatography was performed on CombiFlash Companion 
or Rx16 on normal phase Silicagel cartridges. Mass spectrometry (MS) was 
conducted on a Finnigan/MAT LCQ Mass Spectrometer (ThermoFinnigan, San Jose, CA) 
fitted with an ESI probe. 
 
Synthesis of Functionalized Monomer 
C4-EDOT-COOH. A solution of succinic anhydride (283 mg, 2.83 mmol), 4-
dimethylaminopyridine (DMAP; 12.3 mg, 0.12 mmol) and Et3N (0.25 mL, 344 mg, 
1.97 mmol) in CH2Cl2 (4.9 mL) was added dropwise to a solution of EDOT-OH (230 
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mg, 1.36 mmol) in CH2Cl2 (12.3 mL), and stirred at room temperature overnight. The 
solution was washed with 10% aqueous HCl solution, water (until a neutral pH was 
obtained) and brine, and dried (MgSO4). C4-EDOT-COOH (296 mg, 80%) was 
obtained as a yellow oil after solvent removal under reduced pressure. The monomer 
was reportedly separately from a procedure previously reported.12 1H NMR (400 
MHz, CDCl3): d 6.35 (d, 1H, J = 3.6 Hz), 6.33 (d, 1H, J = 3.6 Hz), 4.38–4.30 (m, 
3H), 4.20 (dd, 1H, J = 11.6, 2.0 Hz), 4.02 (dd, 1H, J = 11.6, 7.2 Hz), 2.67 (m, 4H), 
1.78 (broad s, 1H). 13C NMR (100 MHz, CDCl3): d 175.9, 171.8, 141.2, 141.0, 100.1, 
100.0, 71.3, 65.5, 62.6, 28.7, 28.5. Anal. Calcd for C11H12O6S: C, 48.52; H, 4.44. 
Found: C, 48.49; H, 4.20. 
 C2-EDOT-COOCH3. A 100-mL round-bottom flask was charged with a stir 
bar, EDOT-OH (861 mg, 5.0 mmol), NaI (150 mg, 1.0 mmol) and NaH (60% 
suspension in mineral oil, 240 mg, 6.0 mmol), and the flask was backfilled with argon 
(3×). Dry tetrahydrofuran (THF; 20 mL) was introduced, and the suspension was 
stirred for 15 min and cooled in an ice bath. Methyl bromoacetate (0.57 mL, 0.92 g, 
6.0 mmol) was added dropwise, and the reaction mixture was stirred for 18 h. The 
majority of THF was removed with a rotary evaporator; the crude product was 
partitioned between water and ethyl acetate, and the aqueous layer was extracted with 
ethyl acetate (2×). The combined organic layers were washed with brine, dried 
(MgSO4), and evaporated. The crude product was purified with a silica gel column 
(hexane/ethyl acetate = 5:1). 1H NMR (400 MHz, CDCl3): d 6.35 (d, 1H, J = 3.6 Hz), 
6.33 (d, 1H, J = 3.6 Hz), 4.37 (ddd, 1H, J = 11.6, 7.6, 2.0 Hz), 4.28 (dd, 1H, J = 11.6, 
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2.0 Hz), 4.19 (s, 2H), 4.12 (dd, 1H, J = 11.6, 7.6 Hz), 3.84 (dd, 1H, J = 10.4, 5.2 Hz), 
3.78 (dd, 1H, J = 10.4, 5.2 Hz), 3.76 (s, 3H). 13C NMR (100 MHz, CDCl3): d 171.1, 
142.0, 141.9, 100.5, 100.4, 73.3, 70.5, 69.5, 69.3, 52.6. Anal. Calcd for C10H12O5S: C, 
49.17; H, 4.95. Found: C, 48.87; H, 4.70. 
C2-EDOT-COOH.24-27 C2-EDOT-COOCH3 (610 mg, 2.5 mmol) was 
dissolved in THF (10 mL) in a 100-mL round-bottom flask, and freshly prepared 
aqueous NaOH solution (2 M; 10 mL) was added. The mixture was stirred vigorously 
until the starting material was completely consumed by thin layer chromatography 
(TLC) (3 h). The mixture was acidified to pH < 3, and then extracted with ethyl 
acetate (5×). The combined organic layers were washed with water (until a neutral pH 
was obtained), dried (MgSO4), and evaporated. C2-EDOT-COOH (480 mg, 83%) was 
obtained as a thick, colorless oil that solidified upon standing overnight. 1H NMR 
(400 MHz, CDCl3): d 6.36 (d, 1H, J = 3.6 Hz), 6.34 (d, 1H, J = 3.6 Hz), 4.38 (ddd, 
1H, J = 11.6, 7.2, 2.4 Hz), 4.26 (dd, 1H, J = 11.6, 2.4 Hz), 4.24 (s, 2H), 4.12 (dd, 1H, 
J = 11.6, 7.2 Hz), 3.85 (dd, 1H, J = 10.4, 4.8 Hz), 3.81 (dd, 1H, J = 10.4, 4.8 Hz). 13C 
NMR (150 MHz, CDCl3): d 175.2, 141.3, 141.1, 100.0, 99.9, 72.6, 70.0, 68.4, 65.8. 
HRMS-FAB (m/z): [M+H] Calcd for C9H11O5S: 231.0237. Found: 231.0237. 
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Figure 3-1. Carboxylic acid functionalized monomer synthesis scheme. 
Film Electropolymerization 
 Organic Solution System. Experiments were conducted with 0.1 M 
tetrabutylammonium hexafluorophosphate (nBu4NPF6) as supporting electrolyte in 
CH3CN, consisting of 10 mM of the respective monomers. Polymer films were 
oxidatively polymerized by repeated potential sweeps between –0.8 and 0.9 V (vs. 
saturated calomel electrode (SCE)) at room temperature, with a scan rate of 100 mV/s. 
Potential was applied over 10 cycles and 2 cycles for film growth on Pt button 
electrodes and IMEs, respectively. The polymer films were rinsed in monomer-free 
CH3CN solvent, and air-dried prior to further measurements. 
 Microemulsion Solution System. PEDOT films were electropolymerized on 
gold electrode from 10 mM EDOT and 0.1 M LiClO4 dissolved in the presence of 0.1 
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N of HCl and 0.05 M of sodium dodecyl sulfate (SDS) aqueous solutions, by 
applying cyclic potential (-0.6 to 1.1 V vs. Ag/AgCl at a scan rate of 100 mV/s). The 
microemulsion polymerization procedure is similar to a method that has been 
reported.22 
 
Film Surface Analysis 
The surface morphology of polymer films was examined with field emission 
scanning electron microscopy (FESEM) and atomic force microscopy (AFM). 
FESEM was performed with a JEOL JSM-7400 at a vacuum of 10-8 torr and an 
accelerating voltage of 10 kV. AFM was performed in the tapping mode at room 
temperature in air with BioScopeTM (Digital Instruments). Roughness (Rrms) was 
obtained for a scan range of 20 μm × 20 μm.  
Contact angle measurement was conducted with Contact Angle Systems OCA 
(Dataphysics Instrument). 1 μL of water was introduced on the surface of polymer 
films to form a droplet. Contact angle was measured using software SCA20 for the 
OCA system. The measurement was conducted six times for each polymer film.  
 The surface density of carboxylic acid groups (-COOH) on polymer films 
was determined by toluidine blue O (TBO) staining.28 Polymer films were immersed 
in 0.5 mM of TBO solution at pH 10. After removing non-complexed dye with water, 
the dye on polymer films was desorbed in a 50% acetic acid solution, and the dye 
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concentration was determined by measuring the absorbance at 633 nm on a Agilent 
8453 spectrophotometer. 
 
Electrical Characterization of Polymer 
Electrochemistry. All electrochemical measurements were made with an 
Autolab PGSTAT 30 potentiostat (Metrohm) under ambient conditions. Normally, 
the experiments were performed in a one-chamber, three-electrode configuration 
consisting of a Pt button electrode (BioAnalytical Systems or CH Instrument) or a 5-
µm IME (Abtech Scientific Inc.) as the working electrode, a Ag/Ag+ (BioAnalytical 
Systems, Ag wire submersed in 10 mM of AgNO3 in CH3CN with 0.1 M of 
nBu4NPF6 reference electrode (non-aqueous solution) or a SCE (aqueous solution), 
and a Pt coil/mesh counter electrode. All electrochemical potential was reported to 
SCE unless otherwise noted. The supporting electrolyte was generally 0.1 M of 
nBu4NPF6 for non-aqueous solution, and 0.1 M of LiClO4 for aqueous buffers. Buffer 
solutions were prepared with acetate (pH 4.0–6.0), phosphate (pH 7.0–8.0) and 
ammonium (pH 9.0–10.0). 
Cyclic Voltammetry. Polymer films on Pt button electrodes were soaked in 
various buffer solutions containing 0.1 M of LiClO4 as the supporting electrolyte for 
10 min before the measurement was performed in a Faraday cage utilizing the 
standard three-electrode setup. The voltammograms were generally obtained at a scan 
rate of 50 mV/s. 
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Conductivity (Drain Current) Measurements. Conducting polymers were 
electropolymerized on IMEs. The device was soaked in the buffer solution containing 
0.1 M of LiClO4 as the supporting electrolyte for 10 min. These experiments were 
typically run at a scan rate of 10 mV/s with a typical offset of 10 to 100 mV between 
the two working electrodes. The intrinsic conductivity (s) can be calculated with the 
following equation, where iD is the drain current, VD is the offset potential, and T is 
the polymer thickness, with a 5-mm gap (D), n = 99 gaps, and a 0.5-cm electrode 









Real-time current response. Poly(C4-EDOT-COOH) grown on IME was 
placed in a glass cell with 1.5 ml of electrolyte solution under ambient conditions. 
The real-time current output from a 100-mV offset potential applied between the two 
working electrodes was measured over a period of 600 s. An equal volume of either 
an aqueous solution containing 10 mM of acetic acid/0.1 M of LiClO4 or an aqueous 
solution containing 10 mM of ammonia/0.1 M of LiClO4 was added after 250 s to 
change the pH of the electrolyte solution. 
 Polymer conjugation. 1-ethyl-3(3-dimethyl aminopropyl) carbodiimide 
(EDC) and N-hydroxysuccinimide (NHS) coupling reaction was used to conjugate 
poly(C2-EDOT-COOH) films. 0.4 M of EDC (80 mg/ml) and 0.1 M of NHS (12 
mg/ml) were premixed, and placed on the film surface for 25 min to convert the 
film’s carboxylic group to activated ester.  Upon activation, the film was incubated 
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with 10 mM of ethanolamine and 0.5 M of 2-aminoethanesulfonic acid (taurine) for 4 
h in a humidity chamber.  
Results and Discussion 
Characterization of Functionalized EDOTs 
 
 
Figure 3-2. Structures of functionalized PEDOTs. 
 
 Electropolymerization. All three monomers were polymerized in CH3CN 
solution containing 10 mM of the respective monomer and 0.1 M of nBu4NPF6 as 
supporting electrolyte by repeated cycling between -0.8 and 0.9 V at a scan rate of 
100 mV/s. The oxidation current onset after the initial scan displayed an anodic shift, 
and a new broad redox wave grew in subsequent scans, indicating polymer growth on 
the electrode surface. 
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Figure 3-3.  Electropolymerization of (a) C4-EDOT-COOH, (b) C2-EDOT-COOH, 
and (c) EDOT-OH at a scan rate of 100 mV/s.  Electropolymerization was performed 
in 0.1 M of nBu4NPF6/CH3CN solution containing 10 mM of the respective 
monomers.  The red line presents the initial scan of the polymerization. 
 
 Intrinsic Conductivity. All three side-chain functionalized polymers 
displayed similar intrinsic conductivities as the electropolymerized PEDOT (~ 102 
S/cm)6 in phosphate buffered saline (PBS) buffer when the polymer films were 
electrochemically doped.32, 33 The three EDOT derivatives formed very stable and 
electroactive polymer films in aqueous media, and their conductivity and 
electrochemical properties remained unchanged after over 100 cycles. In fact, the 
EDOT derivatives displayed better electrical kinetics as compared to the 
commercially available EDOT with a less pronounced hysteresis in its conductivity 
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plot. The hydroxyl and carboxyl groups of the more hydrophilic functionalized 
PEDOT could possibly promote the migration of the aqueous electrolyte’s mobile 
charge carriers (cations and anions) within the polymer matrix as compared to the 
more hydrophobic commercial PEDOT film. The greater mobility of these charge 
carriers improved the PEDOT’s response to changes in its potential doping, and was 
reflected by a less pronounced hysteresis in its conductivity plot.  
 However, a more interesting observation was the horizontal shift of ~ 200 mV 
when we superimposed the conductivity profiles of poly(C4-EDOT-COOH) and 
poly(EDOT-OH). We hypothesized that this phenomenon was due to the increased 
negative charge density from COO- in PBS buffer (pH 7.4). This observation 
prompted us to conduct a thorough study of the pH effect on the polymer conductivity 





Figure 3-4. Drain current measurement of (a) poly(C4-EDOT-COOH), (b) 
poly(EDOT-OH), and (c) polyEDOT on 5-µm IMEs in 1× PBS. The scan rate was 10 
mV/s with a varying offset potential maintained between the two sets of IMEs.  
Negative Charge Modulation via pH Variation 
For these studies, we switched the main electrolyte to LiClO4 so that the ionic 
strength of different pH buffer was constant. Applying an offset of 100 mV between 
two sets of working electrodes, the drain current that passed through poly(C4-EDOT-
COOH)-covered IME junctions started to increase when the potential applied was 
greater than −0.86 V in pH 4 buffer (see Figure 3-6). This indicated that the polymer 
became conductive upon oxidative doping. The current reached a plateau at −0.41 V.  
To better describe the features of the conductivity curves, we defined the 
onset potential (Eonset) as the potential where the first derivative of the drain current 
curve reached the maximum. Based on this definition, the Eonset values of both 
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poly(C4-EDOT-COOH) and poly(EDOT-OH) were determined to be −0.69 V, and 
the Eonset of poly(C2-EDOT-COOH) was found to be −0.71 V in pH 4 buffer. Upon 
exposure to the electrolyte solution at pH 7, Eonset of poly(C4-EDOT-COOH) 
dramatically shifted to a more positive potential of −0.46 V, while the Eonset of 
poly(EDOT-OH) remained unchanged. When dipped into pH 10 electrolyte solution, 
Eonset of poly(C4-EDOT-COOH) shifted further to −0.44 V, while Eonset of 
poly(EDOT-OH) remained at −0.69 V. The Eonset of poly(C4-EDOT-COOH) shifted 
back to the original value with an identical current profile upon re-exposure to an 
aqueous medium of pH 4; this reversible phenomenon was observed repeatedly for 
over 10 cycles.  
Poly(C2-EDOT-COOH) film showed a similar trend with a smaller shift in 
Eonset from −0.71 V at pH 4 to −0.62 V at pH 7. The Eonset then slightly shifted back to 
a more negative potential of −0.64 V at pH 10. This might be attributed to the 
stronger π-π interaction between neighboring poly(C2-EDOT-COOH) chains.34 Due 
to this, oxidation at a slightly higher potential was required to overcome this 
stabilization at the transition pH of 5–6. This rationale was supported by the greater 
hysteresis of the conductivity profile of poly(C2-EDOT-COOH) at pH 4, compared to 
that of poly(C4-EDOT-COOH).  
It was noteworthy that the drain current profiles always reached a plateau at 
the same value. This showed that the maximum conductivity (σmax) of polymer films 
remained identical in buffers of different pH’s. 
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Figure 3-5. Drain current measurement of (a) poly(C4-EDOT-COOH), (b) poly(C2-
EDOT-COOH), and (c) poly(EDOT-OH) on 5-µm IMEs in 10 mM of pH 4, pH 7 and 
pH 10 buffer solutions with 0.1 M of LiClO4 as the supporting electrolyte. The scan 
rate was 10 mV/s with a 100 mV offset between the two sets of IMEs. The dotted 
lines (···) represent the first derivative of the oxidation sweep. 
 
Onset Potential (V) Device 
pH 4 pH 7 pH 10 
1 -0.722 -0.461 -0.479 
2 -0.721 -0.509 -0.483 
3 -0.710 -0.492 -0.459 
4 -0.714 -0.504 -0.478 
5 -0.733 -0.511 -0.485 
6 -0.729 -0.479 -0.450 
Average -0.722 -0.493 -0.472 
Std Dev 8.8E-3 19.5E-3 14.2E-3 
 




Identical shift in conductivity profile was observed on six different 
interdigitated devices (Table 3-1), and devices with 3-μm gaps instead of the 5-μm 
gaps that we used for earlier studies. This confirmed that the pH response of the 
conductivity curve was not due to the interdigitated device structure.  
Our proton-controlled conductivity responses were different from those of 
polyanilines,35, 36 polypyrroles,37-40 and polythiophenes.41 Deprotonation of these 
conducting polymer backbone/segment resulted in reduced resonance stabilization of 
the charge carriers, decreasing the maximum conductivity of the polymers.  
In contrast, deprotonation of poly(EDOT-COOH) side-chains only increased 
the negative charge density in the polymer matrix surrounding the polymer backbone, 
without altering the resonance stabilization structure. As a result, the positive charge 
carriers (radical cations and dications)42 in PEDOT matrix were either compensated 
or restrained upon oxidation. Their migration became less energetically favorable and 
hence, the polymer oxidative doping would require a higher energy input, reflected by 
the increase in onset potential.  The application of a higher potential would increase 
the density of charge carriers, thereby overcoming the increased conductive barrier 
brought upon by the negative charges within the polymer matrix. This was similar to 
the self-doping of sulfonated and carboxylated polythiophenes reported previously.43, 
44 Thus, the same σmax should still be achieved by increasing the mobile charge carrier 
density with the application of a more positive potential. This was why we observed 




Cyclic voltammograms of the poly(EDOT-COOH) films (Figures 3-7(a) and 
(b)) provided more evidence for the proposed mechanism. Increased peak current and 
larger difference between anodic and cathodic peak potentials at higher pH suggested 
more localized and kinetically restrained charge carriers. Poly(EDOT-OH) displayed 
no conductivity shift at different pH’s, further supporting that the pH-induced shift in 
conductivity profile was compositional, and not morphological, in nature.  
 
Figure 3-6. Cyclic voltammograms of (a) poly(C4-EDOT-COOH), (b) poly(C2-
EDOT-COOH), and (c) poly(EDOT-OH) on Pt button electrode in 10 mM of pH 4 
(—), pH 7 (---), and pH 10 (···) buffer solutions, with 0.1 M of LiClO4 as the 
supporting electrolyte at a scan rate of 50 mV/s. 
 
Real-Time Current Response 
Upon fixing the applied voltage of IMEs at the transitional stages, the 
poly(C4-EDOT-COOH)-coated electrode junctions were utilized as resistive sensors 
with their charge perturbation behavior. In Figure 3-8(a), the polymer film was placed 
in a pH 7 solution by applying −0.6 V with a 100-mV offset. We observed a current 
increase of more than 9 folds within 10 s upon the addition of acetic acid. The 
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solution became more acidic (pH 3.5), and the film became conductive due to the 
Eonset shift to a lower potential. In contrast, the current passing though electrodes by 
applying a potential of −0.65 V was reduced by over 90% within 10 s when the pH of 
the immersed solution changed from 5 to 10 with the addition of aqueous ammonia 
solution (Figure 3-8(b)). 
 
Figure 3-7. Dynamic current measurement of poly(C4-EDOT-COOH) on 5-µm IMEs 
in an aqueous electrolyte solution with an 100-mV offset between the IMEs. Applied 
potentials were (a) −0.60 V and (b) −0.65 V. 
 
Film Surface Analysis 
Optical microscopy, SEM and AFM showed that the polymer films 
electropolymerized on top of the interdigitated electrode were amorphous, therefore, 
the phenomenon was unlikely due to morphological factors. The SEM images 
suggested that the amorphous structures within the poly(C4-EDOT-COOH) film were 
densely packed as compared to the poly(C2-EDOT-COOH), which in turn has denser 
structures relative to the poly(EDOT-OH) film. However, these morphological 
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differences were not significant as compared to the negative charge influence to the 
polymer backbone within its matrix.  
   
Figure 3-8.  SEM images of (a) poly(C4-EDOT-COOH), (b) poly(C2-EDOT-COOH), 
and (c) poly(EDOT-OH) electropolymerized on Au electrodes. 
 
 
Figure 3-9.  AFM images of (a) poly(C4-EDOT-COOH), (b) poly(C2-EDOT-COOH), 
and (c) poly(EDOT-OH) on 5-µm IMEs. 
 
In measuring the contact angles of poly(C4-EDOT-COOH) (microemulsion 
polymerization method was applied to synthesize a smooth polymer film), we 
observed a dramatic hydrophilicity enhancement of the polymer film (Figure 3-11(a)) 
at a pH of 5–6. This indicated that the carboxylic acid deprotonated to form 
carboxylate at a pH of 5–6. This matched perfectly with the shift of the onset 
potential (Figure 3-11(b)), thereby supporting our rationale. In contrast, poly(EDOT-
OH) displayed no surface-switch at various pH’s, which explained why there was no 
shift in its Eonset. The larger shift in Eonset of poly(C4-EDOT-COOH) could be 
attributed to the extended side-chain from C4-EDOT-COOH, leading to better charge 









Figure 3-10. (a) Contact angle measurements and (b) onset potential of (■) poly(C4-
EDOT-COOH), (▲) poly(C2-EDOT-COOH), and (●) poly(EDOT-OH) at different 
pH’s. E = onset potential versus SCE. 
Charge Perturbation of Co-Poly(EDOT-OH)-Poly(C4-EDOT-COOH)  
In the previous study, we modulated the charge density within the polymer 
matrix by varying the pH of its surrounding electrolyte. The deprotonation of the 
polymer’s side-chain carboxylic group introduced negative charges to the polymer 
matrix, which we hypothesized to have caused a change to the polymer’s onset 
potential. To further understand this phenomenon, it would be important to 
investigate the amount of negative charges needed to induce a significant onset 
potential change. This study was conducted by using a co-poly(EDOT-OH)-poly(C4-
EDOT-COOH) system electropolymerized on the same IMEs used in the previous 
onset potential study.  
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Figure 3-12 shows the TBO staining test for co-poly(EDOT-OH)-poly(C4-
EDOT-COOH) prepared with different mol% of C4-EDOT-COOH in the monomer 
solutions. Figure 3-12(b) illustrates the increased adsorption of TBO with increasing 
mol% of C4-EDOT-COOH, indicating the increasing carboxyl density on the film 
surface. For the co-poly(EDOT-OH)-poly(C4-EDOT-COOH) system, the surface 
carboxylic acid group showed a good linear relationship with the mol% of C4-EDOT-
COOH used in the monomer solutions. Thus, by varying the percentage of C4-EDOT-
COOH monomer in a co-poly(EDOT-OH)-poly(C4-EDOT-COOH) system, the 
amount of carboxylic group within the co-polymer system can be controlled. 
Therefore, the amount of negative charge density within the co-polymer matrix would 
be determined by the amount of C4-EDOT-COOH.  
 
Figure 3-11. TBO staining test for co-poly(EDOT-OH)-poly(C4-EDOT-COOH) with 
different mol% of C4-EDOT-COOH.  
 
Figure 3-13 illustrates the onset potential behavior of co-poly(EDOT-OH)-
poly(C4-EDOT-COOH) system with different monomer ratio at various pH buffers. 
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As expected, the film showed no onset potential shift at the carboxylic protonated 
state (pH 4). At pH 7 and 10, we observed an exponential relationship between the 
polymer’s negative charge density and its onset potential. Its onset potential increased 
gradually from 25 to 75%, before demonstrating a sharp increase beyond 75% of 
negative charges. As described earlier, the onset potential increase could be 
rationalized by the restricted mobility of PEDOT’s charge carriers in the presence of 
the negative charges within the polymer matrix. Thus, the experiment with co-
poly(EDOT-OH)-poly(C4-EDOT-COOH) system demonstrated that the mobility of 
the PEDOT’s charge carriers was significantly restricted by the presence of at least 
75% of the negative charges within the polymer matrix.   
 From the SEM images, we observed no significant morphological difference 
of co-poly(EDOT-OH)-poly(C4-EDOT-COOH) system with various monomer ratio 





Figure 3-12. The onset potential of the co-poly(EDOT-OH)-poly(C4-EDOT-COOH) 
system with increasing percentage of carboxylic acid in aqueous solutions at pH 4 
(▲), 7 (¨) and 10 (■).  
 
      
      
Figure 3-13.  SEM images of co-poly(EDOT-OH)-poly(C4-EDOT-COOH) system  
with (a) 25%, (b) 50%, (c) 75% and (d) 100% of C4-EDOT-COOH monomer, 










Post Film Functionalization Study 
To further investigate the effect of charge groups on the PEDOT’s onset 
potential, EDC/NHS coupling chemistry was used to introduce a sulfonic acid 
functional group to the poly(C4-EDOT-COOH) film. Sulfonic acid has a much lower 
pKa as compared to the carboxylic group, and would permanently change the charge 
density of the polymer. The polymer charge density was reduced when the carboxylic 
acid was coupled with ethanol amine to form uncharged hydroxyl functional groups. 
As shown in Figure 3-15, the introduction of sulfonic acid side-chain group 
through the EDC/NHS coupling of the poly(C4-EDOT-COOH) with 2-
aminoethanesulfonic acid (taurine) resulted in an increase in its onset potential as 
compared to the unreacted poly(C4-EDOT-COOH) film at pH 4. At this pH, the side-
chain charge perturbation from the protonated carboxylic group was absent, but the 
sulfonic acid side chain would remain in a deprotonated state, maintaining the 
negatively charged side-chain influence. This rationale was in agreement with the 
observed onset potential increase from −0.67 V to −0.53 V at pH 4, indicating the 
introduction of negative charges to the polymer matrix.  
Fitting in the curve as described in Figure 3-13, ~ 85% of the carboxylic 
functional group was replaced by the sulfonic group. Polymer degradation was not 
evident as the maximum drain current was not affected after the coupling reaction 
with the 2-aminoethanesulfonic acid molecule (Figures 3-16(a) and (b)). Contact 
angle measurements of the post taurine treated poly(C4-EDOT-COOH) film showed 
no response to pH changes as compared to its pretreated form (Figure 3-17(a)). At 
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pH’s of 4 and 5, the treated film remained more hydrophilic, indicating the presence 
of the deprotonated sulfonate group at low pH. 
 
Figure 3-14. The onset potential of poly(C4-EDOT-COOH) after EDC/NHS coupling 
reaction with (¨) 2-aminoethanesulfonic acid and (▲) ethanolamine in various pH 
buffers. The dashed lines (---) represented the onset potential of unreacted (□) 
poly(C4-EDOT-COOH) and (○) poly(EDOT-OH). 
 
 
Figure 3-15. Drain current measurements of (a) poly(C4-EDOT-COOH) at pH 4, (b) 
post 2-aminoethanesulfonic acid treated poly(C4-EDOT-COOH at pH 4, (c) poly(C4-
EDOT-COOH) at pH 7, and (d) post ethanolamine treated poly(C4-EDOT-COOH) at 
pH 7.   
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Figure 3-16. (a) Contact angle measurements of (■) poly(C4-EDOT-COOH) and (▲) 
poly(C4-EDOT-COOH) after EDC/NHS coupling reaction with 2-
aminoethanesulfonic acid in various pH buffers. (b) UV-Vis absorption spectrum of 
TBO dye desorbed from (___) poly(C4-EDOT-COOH) and (---) poly(C4-EDOT-
COOH) after EDC/NHS coupling reaction with ethanolamine.  
 
The pH-induced onset potential shift of the poly(C4-EDOT-COOH) film 
disappeared after the side chains were coupled with ethanolamine (Figure 3-15). This 
phenomenon could be explained by the absence of a pH-responsive negatively 
charged side chain after the polymer’s carboxylic acid side chain was replaced by 
uncharged hydroxyl group. At pH 7, the onset potential of the poly(C4-EDOT-
COOH) was reduced from −0.48 V to −0.64 V upon the coupling reaction with 
ethanolamine molecule, indicating the reduction of negative charges from the 
polymer matrix. TBO staining test confirmed this theory with only 17% of the film’s 
carboxylic group remaining after the coupling reaction with ethanolamine (Figure 3-
17(b)). The polymer’s maximum drain current was not affected after the coupling 
reaction, indicating the absence of any possible polymer degradation (Figures 3-16(c) 
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and (d)). The ethanolamine-treated poly(C4-EDOT-COOH) displayed the same 
behavior as the poly(EDOT-OH) film (Figure 3-15), confirming our rationale. 
 
Conclusions 
C4-EDOT-COOH and C2-EDOT-COOH monomers have been successfully 
synthesized and polymerized on IME devices. We have shown that its side chains do 
not interfere with its intrinsic conductivity, and its electrical property is comparable to 
the commercially available EDOT monomers. The functionalized polymers show 
great stability in aqueous medium, and the carboxyl side groups would allow for the 
conjugation of biological probes via conventional EDC/NHS coupling reactions.  
Through the modulation of negative charges in the polymer matrix via side-
chain carboxyl groups of poly(C4-EDOT-COOH) and poly(C2-EDOT-COOH)-coated 
IMEs, we have successfully demonstrated the first example of conductimetric 
response from shifting the conductivity curve. Upon fixing the applied voltage of 
IMEs at the transitional stages, poly(C4-EDOT-COOH)-coated electrode junctions 
can be utilized as resistive sensors, producing an immediate 0.5-mA current response 
from pH manipulation. This real-time study shows that onset potential shifting 
methodology can potentially be used as a practical sensing detection scheme as 
hypothesized earlier. The immediate and large amperometric response makes it an 
ideal sensing platform for low-power sensing devices.  
To utilize this methodology for biosensing applications, the targeted 
biological analytes would have to be negatively charged so as to induce the necessary 
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charge density increase upon binding with the immobilized bioprobes. The 
comparative study with various co-poly(EDOT-OH)-poly(C4-EDOT-COOH) systems 
shows that a high amount of negative charges is needed to induce a significant onset 
potential shift. Charge density above 80% is identified as the critical threshold needed 
by the biological targets to successfully produce the desired amperometric response. 
In summary, the desired carboxyl EDOT monomers have been synthesized, 
and demonstrated in a detection methodology that can be utilized for biosensing 
applications.  
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Chapter 4 : Integration of PEDOT with microfabricated 
device towards the application of ‘label-free’ DNA detection 
Introduction 
In the application of Pb2+ detection with GSH-capped QDs described earlier, 
the fluorescence emitting QDs were coupled with a liquid handling high-throughput 
system and multi-arrayed fluorescence reader for detection. In a biosensing system 
based on the electrically conducting PEDOT, a suitable microdevice chip will have to 
be fabricated. The PEDOT device will then be connected to an external electrical 
monitoring system to form a complete ‘lab-on-a-chip’ detection system. In this 
chapter, microjunction electrode devices are fabricated, integrated with PEDOT 
nanostructures, and linked up with a potentiostat to form a ‘lab-on-a-chip’ platform 
capable of droplet-based detection. The devices will also be used to investigate the 
impact of material dimensions on the electrical characteristics of PEDOT. 
We have observed that the modulation of negative charges from the side 
chains trigger a significant conductimetric response from poly(C4-EDOT-COOH) and 
poly(C2-EDOT-COOH). PEDOT’s electrical response to negative charges is a key 
motivation to the development of biosensing applications. Of particular interest is 
nucleic acid detection. Simple, economical and efficient detection of various DNA 
and RNA sequences are of prime importance for the applications of disease 
diagnostics, forensic medicine, biological warfare agents and environmental tests.1-3 
Electronic ‘label-free’ DNA sensors are known to provide sensitivity and selectivity 
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at low cost.4, 5 The numerous advantages of PEDOT over other conducting polymers 
make it an ideal platform for DNA sensing.6-21 From the negative charges of target 
DNA triggering the electrical response of PEDOT, we would be able obtain a 
completely ‘label-free’ detection system that does not require the DNA samples to be 
pretreated with fluorescence or biotin labels, a common requirement for the 
conventional optical22, 23 and electrochemical24 detection methods. 
The synthesis of PEDOT nanowires is instrumental to the development of 
PEDOT-based biosensing system. The greater surface area of these one-dimensional 
(1D) nanowires would enable it to be easily perturbed by the presence of the 
biomolecules.5, 25, 26 To reduce the complexities of integrating synthesized nanowires 
onto the devices, we aim to combine the nanowire synthesis and device integration 
via electrochemical methods. The direct assembly of metallic and semiconductor 
nanowires between electrodes is highly attractive for nanoelectronic devices because 
it reduces the dependence on complex lithographic fabrication and expensive 
instrumentations. Fabrication of palladium nanowires upon applying electric field 
between electrodes has been previously reported.27 A similar approach was applied to 
synthesize 1D poly(C2-EDOT-COOH) nanowires between electrodes of our 
fabricated device directly from the monomer solution. The PEDOT nanowires 
integrated with the fabricated microjunction electrodes would function as liquid gated 
field effect transistor devices, which were characterized under various electrolyte 
conditions.  
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Previously, two distinct approaches have been employed to immobilize single-
stranded DNA on conducting polymers. The first approach used the electrostatic 
interaction between the DNA probes and the conducting polymer that was maintained 
at an oxidized state.28, 29 This restricted the amount of loading and the probe has a 
tendency to leach out during measurements. The second approach was achieved by 
the physical entrapment of DNA probes during polymerization.1, 30 This method was 
simple to implement, but the ‘capturing’ efficiency of the entrapped DNA probes 
could be compromised, reducing its sensitivity. To attain a more stable and 
potentially more sensitive sensor, we would directly conjugate amine-modified DNA 
capture probes to the carboxylic acid functionalized PEDOT nanowires via the 
conventional EDC/NHS coupling. These modified PEDOT nanowire devices were 
subsequently demonstrated as potential ‘lab-on-a-chip’ DNA sensing devices. 
 
Experimental Section 
Materials and Reagents 
4” P(100) silicon wafers and Corning 7740 borosilicate glass wafers were 
used for the chip fabrication. Hexamethyldisilazane (HMDS), AZ 1505 positive 
photoresist and AZ 400K developer solution were purchased from MicroChemicals 
GmbH. SU-8 2002 negative photoresist and  SU-8 developer solution were purchased 
from MicroChem Corp. CEP-200 Chrome Etchant were purchased from 
Microchrome Technology. Isopropyl alcohol (IPA), N-methylpyrrolidone (NMP) 
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acetone, sulfuric acid, hydrogen peroxide and buffered oxide etch (BOE) were 
purchased from J. T. Baker (Phillipsburg, NJ). All reagents were used without further 
purification, unless otherwise indicated. 
5’ amine-modified single-strand DNA oligonucleotide probes were custom 
synthesized from 1st Base (Singapore). Lithium perchlorate (LiClO4, Fluka) and 
sodium dodecyl sulfate (SDS) (Alfa Aesar) were used as received. EDOT-OH, C2-
EDOT-COOH and C4-EDOT-COOH monomers were synthesized as described in the 
previous chapter.  
 
Device Fabrication 
10 mm × 14 mm microjunction electrode chips were fabricated with 3-mask 
microelectromechanical systems (MEMS) cleanroom process. The three main 
fabrication steps are as follow: 
1. Metal electrode patterning: Cr/Au deposition was followed by electrode 
patterning using AZ 1505 positive photoresist mask and metal etching process. 
The residual photoresist was removed, and the wafers were cleaned for the 
electrical passivation step. 
2. Electrical passivation: Silicon nitride deposition was followed by passivation 
patterning using AZ 1505 positive photoresist mask and silicon nitride etching 
process. The residual photoresist was removed and the wafers were cleaned 
for the hydrophobic patterning step. 
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3. Hydrophobic patterning: SU-8 negative photoresist spin-coating process 
was followed by the UV exposure and development process. The wafers were 
cleaned and diced to the 14 mm × 10 mm chip size. 
 
Mask fabrication: The 3 masks were designed using LEdit software. Chrome 
glass mask, precoated with positive photoresist were patterned by DWL 200 Laser 
Lithography System (Heidelberg Instruments). The mask patterns were developed in 
AZ 400 developer mixture (volume ratio of DI water to AZ 400 solution = 4:1) for 30 
s. Exposed Cr was etched in CEP-200 Cr etchant solution for 1 min. Residual 
photoresist were removed with acetone, followed by a rinse with IPA. 
Wafer preparation: Glass and silicon wafers were placed in 120 °C piranha 
solution (volume ratio of concentrated sulfuric acid to hydrogen peroxide = 3:1) for 
20 min to remove the organic impurities from their surface. The wafers were rinsed 
with deionized (DI) water and subsequently dried with N2 gas. Silicon wafers 
required an additional electrical passivation step. 1 micron of silicon oxide was 
thermally grown in a Mini Four Stack Furnace System (TYTAN).  
Wafer metallization: Electron beam evaporator (CHA Industries) was used 
to deposit 25 nm of chrome, followed by 125 nm of gold. Chrome was required to aid 
the adhesion of gold to the wafer substrates.   
Photolithography: Wafers were pretreated with hexamethyldisilazane 
(HMDS) to improve its adhesion with the AZ photoresist. Wafers were placed in an 
EVG vapor priming oven, and subjected to a pre-programmed HMDS coating process. 
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AZ 1505 was subsequently spin-coated at 2500 revolution per minute (rpm) for 30 s 
to achieve 0.5 µm thickness. This was followed by a 60-s soft baking process at 
110 °C. Photolithography exposure was conducted using EVG 620 mask aligner. AZ 
1505 coated wafers were subjected to 2 s of ultraviolet (UV) light exposure (λmax = 
365 nm, 30 mW/cm2), followed by 30 s of development in a premixed AZ 400 
developer solution (volume ratio of DI water to AZ 400 solution = 4:1). The exposed 
wafers were subsequently washed with DI water and dried with N2 gas. 
 Metal electrode etching: Exposed gold was dry etched by reactive ion 
etching (RIE) from Surface Technology Systems (STS). Au etch rate of 15 nm/min 
was achieved with the following conditions. RIE chamber pressure was maintained at 
10 mTorr. 20 sccm (standard cubic centimeters per minute) of Ar and 20 sccm of Cl2 
gas were flowed into the chamber. 750 V of DC bias and 100 W of power were 
applied to generate the plasma. Wafers were placed in the RIE chamber for 10 min. 
The residual exposed chrome was etched in CEP-200 chrome etchant solution for 30 
s. 
Silicon nitride deposition: 300 nm of silicon nitride was deposited by plasma 
enhanced chemical vapor deposition (PECVD). The deposition conditions were 
previously reported.31, 32 
Silicon nitride etching: The exposed silicon nitride was dry etched by the 
RIE system from Surface Technology Systems (STS). Silicon nitride was etched at a 
rate of 160 nm/min with the following conditions. RIE chamber pressure was 
maintained at 90 mTorr. 22 sccm of CHF3, 40 sccm of SF6 and 10 sccm of O2 gas 
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were flowed into the chamber. 800 V of DC bias and 100 W of power were applied to 
generate the plasma. Wafers were placed in the RIE chamber for 2 min.  
SU-8 process: SU-8 2002 (MicroChem) was spin-coated onto the wafers at 
3000 rpm for 30 s to obtain a thickness of 2 µm. This was followed by a 1-min soft 
baking process at 95 °C. SU-8 coated wafers were exposed to UV light and patterned 
using the EVG 620 mask aligner. Wafers were subjected to 2-s of exposure (λmax = 
365 nm, 30 mW/ cm2), followed by a 2-minute post-exposure baking (PEB) at 95 °C 
to fully cross-link the SU-8 polymer. The wafers were then developed with SU-8 
developer solution for 1 min. Wafers were rinsed with isopropyl alcohol (IPA) and 
dried with N2 gas.  
Chip cleaning process: To ensure the absence of any unwanted organic 
impurities on the electrode surface, the fabricated chips we treated by O2 plasma 
cleaning. The chips were placed in a Harrick Plasma Cleaner and subjected to 30 min 
of O2 plasma under medium power. The chamber pressure was maintained at 300 
mTorr. The mild plasma treatment was sufficient to clean the electrodes without 
affecting the SU-8 layer. Chips were immersed in ethanol, rinsed with DI water, and 
dried with N2 gas. 
Photoresist stripping: Wafers were placed in a hot NMP bath, maintained in 




Figure 4-1. Images of fabricated microjunction electrode chips. 4 electrode pads were 
incorporated to connect the microelectrodes with the potentiostat via pin connectors 
of the device fixtures. The patterned hydrophobic SU-8 layer on the device surface 
isolates a circular hydrophilic region that entraps 5 µL of electrolyte to form a 
solution chamber above the working microjunction electrodes of the device. 
 
 
EDOT integration with device 
Three different electropolymerization methods were employed. The cyclic 
potential sweep and interval potential electropolymerization experiments were 
conducted with 0.1 M of nBu4NPF6 as supporting electrolyte in acetonitrile (CH3CN) 
consisting of 10 mM of the respective monomers. The two microjunction electrodes 
were both connected to the same primary working electrode channel of the 
potentiostat. The alternating potential electropolymerization experiment utilized 0.1 
M of the EDOT monomer dissolved in electrolyte-free CH3CN. The electrodes were 
then connected to the working and counter electrodes of the potentiostat. All the 
experiments were conducted with an Autolab PGSTAT 30 potentiostat (Metrohm) 
under ambient conditions. 
Single cyclic potential sweep. PEDOT were oxidatively polymerized by a 
single potential cycle between 0.1 and 1.6 V (vs. Ag/AgCl) at room temperature at a 
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scan rate of 100 mV/s. The devices were rinsed in monomer-free CH3CN solvent, and 
air-dried prior to further measurements. 
Interval potential. The potential applied to microjunction devices was 
alternated between 1.8 and 0 V (vs. Ag/AgCl) over 4 cycles. Each potential step was 
applied for 0.1 s at room temperature. The devices were rinsed in monomer-free 
CH3CN solvent, and air-dried prior to further measurements. 
Alternating electrical potential. 5 µL of 0.1 M EDOT/acetonitrile monomer 
solution was placed between the 2 microjunction electrodes of the device chip. A 
glass cover slip was used to prevent evaporation. Application of alternating electrical 
potential for 15–20 s (5 V, 100 Hz) resulted in the growth of polymer nanowires 
across the gap. The device was rinsed with acetonitrile, followed by deionized water, 
and dried. Heat treatment was applied to improve the adhesion between nanowires 
and the electrodes. Devices with integrated PEDOT were heated in a vacuum oven to 
120 °C before they were slowly cooled to ambient temperature over 4 h.    
 
Electrical characterization setup 
Device test fixtures were designed in Solidworks 2007 and fabricated using 
EDEN 350 Polyjet System (Objet). The fabricated fixtures were soaked in 
tetramethyammonium hydroxide (TMAH) solution to remove the excess supporting 
material from the Polyjet System. Fixtures were rinsed with DI water and air dried.  
Field effect transistor (FET) setup. The PEDOT integrated device was 
connected to the Autolab PGSTAT 30 potentiostat (Metrohm) and utilized as a liquid 
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gated FET as illustrated in Figure 4-2. 5 µL of buffered 0.1 M LiClO4 electrolyte was 
placed on top of the electrode, contained by the chip’s SU-8 surface to form a droplet 
solution chamber (Figure 4-3). The two microjunction electrodes that were connected 
by the PEDOT were configured as source and drain, respectively. The third electrode 
within the fabricated chip was utilized as the counter electrode. The Ag/AgCl 
reference electrode, placed within the electrolyte solution chamber with the 3 
electrodes, was used as the electrode gate to accurately control the solution 
potential.33, 34 
Conductivity measurements. The conductivity experimental setup is similar 
to the FET setup shown in Figures 4-2 and 4-3. A 10-mV offset was maintained 
between the two working electrodes. The experiments were run at a scan rate of 10 
mV/s. A fourth gold electrode that functions as the reference electrode could be easily 
incorporated into the device. However, to prevent any possible fabrication 
inconsistency that could result in potential variations to the reference electrode, a 
standardized external Ag/AgCl reference electrode was used throughout the 




Figure 4-2. FET schematic setup of fabricated microjunction electrode chip, 
integrated with conducting polymer nanowire (CPNW).  Au 1 and Au 2 represent two 
working electrodes (WE1 and WE2), and serve as the source and drain, respectively. 
Au 3 is used as a counter electrode. The electrochemical gate potential is applied via 




Figure 4-3. FET experimental setup with device chip assembled to the test fixture, 
and Ag/AgCl reference electrode introduced to the solution chamber.  
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DNA probe immobilization 
5’ amine-modified ssDNA oligonucleotides were utilized as DNA capture 
probes, and were immobilized to the poly(C2-EDOT-COOH) nanowires via  
EDC/NHS coupling reaction. The poly(C2-EDOT-COOH) nanowires were first 
incubated in solution containing  0.4 M EDC and 0.1 M NHS for 25 min. The 
polymer was then rinsed with deionized water and air dried. It was then immediately 
incubated with 10 µL of 1 µM amine-modified single-stranded DNA (ssDNA) 
capture probe (sequence: 5’-TTT GAG TCT GTT GCT TGG AAA AAA-3’) 
(dissolved in deionized water) in a humidity chamber over 4 h.  
 
DNA hybridization and concentration-dependent study 
1, 10, 25, 50, 75, 100, 250 and 1000 nM of target ssDNA oligonucleotide 
were prepared in 10 mM of Tris buffer at pH 5 with 0.1 M NaCl. The device was 
incubated with 10 µL of target ssDNA oligonucleotide at 1 h intervals in the humidity 
chamber, starting with 1 nM and progressively increasing the ssDNA oligonucleotide 
concentration. FET measurement was conducted after each incubation step. The 
ssDNA oligonucleotide complimentary and non-complimentary sequences used in the 
experiments are 5’-CCA AGC AAC AGA CTC AAA-3’ and 5’-TTG GAT GGT 
GAG TCT GGG-3’, respectively. 
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DNA hybridization characterization 
QCM-D measurement. The analysis was recorded with Q-Sense E4 Quartz 
Crystal Microbalance with Dissipation monitoring (QCM-D) using the QSX 301 
gold-coated crystal with a 4.95-MHz fundamental frequency and a surface area of 
1.54 cm2. Poly(EDOT-COOH) film was formed on one side of Au-coated crystal 
surface by repeated cycling between -0.5 and 1.1 V (vs. Ag/AgCl) in an aqueous 
solution of 10 mM EDOT-COOH monomer, 0.05 M SDS, 0.01 M HCl and 0.1 M 
LiClO4. Amine-modified DNA probe was conjugated to the polymer surface via 
standard EDC/NHS coupling. The DNA probe immobilized EQCM crystal was then 
assembled into the system’s microfluidic chamber. 10 µM of target ssDNA 
oligonucleotide, prepared in 10 mM Tris buffer at pH 5 and 7 with 0.1 M NaCl, were 
flowed into the EQCM microfluidic system at a rate of 50 µL/min. Quartz crystal 
frequency shifts due to mass uptake upon DNA hybridization were measured at its 
first harmonic resonance. The experiment was performed at 25 °C. 
 
Device surface analysis 
The surface morphology of polymer-coated devices was examined with 
optical microscopy, field emission scanning electron microscopy (FESEM) and 
atomic force microscopy (AFM). Optical microscopy was performed with a Carl 
Zeiss Axio Imager A1M microscope. Carl Zeiss’s proprietary imaging software, 
AxioVision Version 4.6, was utilized to estimate the electrode and polymer surface 
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dimensions from the optical micrograph. FESEM was performed with a JEOL JSM-
7400 at a vacuum of 10-8 torr and an accelerating voltage of 10 kV. AFM was 
conducted in the tapping mode at room temperature in air with BioScopeTM Digital 
Instruments. Rrms was obtained for a scan range of 20 μm × 20 μm.  
Results and Discussion 
Two microjunction devices of different electrode designs, square 
microjunction (SMJ) device and tapered microjunction device (TMJ), were fabricated. 
Each fabricated device chip has a single pair of exposed microjunction electrodes. 
Functionalized EDOT polymers were directly integrated with the devices through 
various electropolymerization methods. This resulted in polymers with different 
morphology and electrical behavior. A comparative study, examining the influence of 
the device electrode’s design and size on the electrical behavior of the functionalized 
PEDOT was conducted. The studies characterized the effect of side chain negative 
charges on the polymer’s intrinsic conductivity and field effect transistor (FET) 
behavior. Nanowires of poly(C2-EDOT-COOH) were successfully integrated onto 
SMJ devices, and applied as ‘label-free’ ssDNA sensors.  
 
Electropolymerization on microjunction electrode devices 
Dimensions of fabricated microjunction electrode devices. The SMJ 
electrode has a squared flat edge with an approximate width of 65 µm and a 4.5-µm 
gap separating the pair of electrodes (Figures 4-4 (a) and (c)). The TMJ electrode has 
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tapered electrode shape with a flat edge with an approximate width of 2 µm separated 
by a 3.5-µm gap (Figure 4-4 (b) and (d)). The silicon nitride passivation layer only 
exposed the electrode tips. Upon application of electrical potential during 
electropolymerization, polymer growth would only occur on these exposed regions, 
bridging the two electrodes with the PEDOT. The exposed electrode surface areas of 
the SMJ and TMJ devices were estimated to be 866 µm2 and 73 µm2, respectively. 
The exposed electrode area represents the region of ohmic contact between the 
polymer and the device. 
 
      
      
Figure 4-4. (a,b) Optical and (c,d) scanning electron micrographs of bare (a,c) SMJ 















Single cyclic potential sweep. The oxidation current onset from the 
electropolymerization voltammogram displayed a dramatic increase at 1.4 V for the 
SMJ device (Figure 4-5(a)) and 1.5 V for the TMJ device (Figure 4-5(b)), indicating 
the polymer growth on the exposed electrode surface. The single potential sweep 
from 0.1 to 1.6 V was applied to both SMJ and TMJ devices to ensure that the 
electropolymerization conditions were standardized for the two systems. Optical 
micrograph and scanning electron micrograph (Figure 4-6) displayed the growth of an 
amorphous polymer over the electrode surface for both devices. Polymer morphology 
from the SEM of the TMJ/EDOT system (Figure 4-6(d)) suggested that the polymer 
growth started from the exposed electrode before spreading to the surrounding 
passivated region of the device.   
 
 
Figure 4-5. Electropolymerization potential sweep of C2-EDOT-COOH on (a) SMJ 
and (b) TMJ electrodes.   
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Figure 4-6. (a,b) Optical and (c,d) scanning electron micrographs of 
electropolymerized poly(C2-EDOT-COOH) coating on (a,c) SMJ and (b,d) TMJ 
electrodes.  
 
The AFM images and surface profile in Figure 4-7 suggested that the 
TMJ/EDOT system has a thicker polymer deposit as compared to the SMJ/EDOT 
system. However, as shown in Table 4-1, the thinner PEDOT coating on the SMJ 
electrodes was compensated with a larger surface area as compared to the PEDOT 
coated on the TMJ devices. Hence, the overall volumes of the PEDOT coated on the 
two devices were comparable. Based on the assumption that similar 
electropolymerization conditions applied to both systems produced PEDOT films of 
similar density, the polymer masses coated on SMJ and TMJ devices would be 











lower than those of the poly(C2-EDOT-COOH) and poly(C4-EDOT-COOH) films. It 
was plausible that the poly(EDOT-OH) film has a higher density due its shorter 
hydroxyl side chain, allowing the polymer backbone to be more closely packed.  
    
    
Figure 4-7. (a,b) AFM image and (c,d) surface profile of electropolymerized poly(C2-









SMJ 4528 0.2 906 EDOT-OH 
TMJ 2440 0.4 976 
SMJ 4458 0.5 2229 C2-EDOT-COOH 
TMJ 3235 0.7 2265 
SMJ 2622 1.0 2622 C4-EDOT-COOH 
TMJ 1800 1.2 2160 
 
Table 4-1. Calculated dimensions of polymer coated on microjunction devices. 
aEstimated from optical micrograph using AxioVision Version 4.6 bAverage 
thickness estimated from AFM surface profile, taking reference from the passivated 





Interval potential electropolymerization. To effectively control the growth 
of PEDOT on the TMJ devices, a potential of 1.8 V was applied at 0.1 s intervals 
during electropolymerization. As shown in the optical and scanning electron 
micrographs in Figure 4-8, the polymer growth was confined to the tapered electrode 
tips. This interval potential electropolymerization method was applied to the 
subsequent pH variation analysis of poly(C2-EDOT-COOH) and co-poly(EDOT-
OH)-poly(C2-EDOT-COOH) study. 
           
Figure 4-8. (a) Optical and (b) SEM micrographs of poly(C2-EDOT-COOH) coated 
on TMJ electrodes by interval potential electropolymerization. 
 
Alternating potential electropolymerization. Upon the application of an 
alternating potential between the two electrodes of the SMJ device, multiple 
nanowires with regular distance were formed between the electrode’s flat edges. 
Figure 4-9 shows the optical and SEM micrographs of poly(C2-EDOT-COOH) 
nanowires bridging the square-tipped electrodes of the SMJ device. The monomer 
concentration, the applied voltage (field intensity) and frequency have marked 
influences on the nanowire growth. The application of 5 V at 100 Hz frequency and 
5 µm 5 µm 
(a) (b) 
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100 mM of C2-EDOT-COOH monomer without the presence of electrolytes were 
found to be the optimal conditions for the fabricated SMJ device to consistently 
produce nanowires across the electrodes. The formation of nanowires could be 
rationalized that under the application of alternating electric field, the EDOT 
monomer was first oxidized to its radical cation at the anode. In the absence of other 
mobile ions, the ionized EDOT cations then migrated to the opposite side of the 
cathode driven by the external varying electric field across the electrode gap. A high 
concentration of monomer radicals was maintained near the electrode surface due to 
the much faster electron-transfer reaction than diffusion. Competition between the 
formation of a high concentration of ions at the anode and the migration of the ions 
away from the electrode strongly influenced the wire thickness near the electrode.35 
The applied alternating potential resulted in the formation of uniform nanowire across 
the electrode gap.  
The synthesis of nanowire was heavily dependent on the edge smoothness of 
the fabricated electrodes. Nanowire formation was not observed in the ‘rough’ 
regions of the SMJ electrode, which resulted from defects due to over-etching during 
fabrication. The optical and SEM micrographs of the TMJ electrodes (Figures 4-6(b) 
and (d)) show that the tapered tips of the electrode have uneven edges due to over-
etching. These defects were unavoidable due to the limitations of our fabrication 
methods. Hence, nanowire formation was only achieved with the SMJ devices.  
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Figure 4-9. (a) SEM (b) optical micrographs of poly(C2-EDOT-COOH) nanowires 
integrated onto SMJ electrodes through the application of alternating potential (100 
Hz).  
 
Study of electrode dimensions effect on EDOT electrical behavior 
We examined the different electrical behavior of the PEDOT coated on SMJ 
and TMJ. The negative charges within the carboxylic acid functionalized PEDOTs 
were modulated by varying the electrolyte pH. Its intrinsic conductivity and onset 
potential (Eonset) were analyzed as a function of the negative charges from the 
polymer’s side chain. Eonset was described as the potential where the first derivative of 
the drain current curve reached the maximum.  
Eonset of the SMJ/EDOT-OH device was determined to be −0.07 V at pH’s of 
both 4 and 7. Eonset of the TMJ/EDOT-OH device was more positive at 0.1 V at the 
same pH conditions (Figure 4-10(d)). The maximum drain current (Id) of poly(EDOT-
OH) remained identical in both buffers, with Id of the SMJ/EDOT-OH remaining 
unchanged at 92.4 µA and TMJ/EDOT-OH reaching a maximum current of 224 µA. 
The higher σmax could be explained by the smaller electrode gap of the TMJ device 
and the thicker polymer film, which reduced its overall electrical resistance. 
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However, the higher Eonset values of TMJ/EDOT-OH could be attributed to the 
system’s smaller electrode/polymer contact. This created a physical barrier that 
reduced the migration of charge carriers shuttling between the electrode surface and 
polymer during oxidative doping. Thus, a higher energy input was confirmed by the 
increased onset potential of the TMJ/EDOT-OH system. As described in the earlier 
chapter, EDOT-OH coated on both SMJ and TMJ devices showed no electrical 
response to pH changes.   
 
Figure 4-10. Drain current measurements of poly(EDOT-OH) coated on (a) SMJ and 
(c) TMJ electrodes. The scan rate is 10 mV/s with a 10 mV offset between the two 
sets of microelectrodes. The corresponding first derivative of the drain current 
oxidation sweep of poly(EDOT-OH) coated on (b) SMJ and (d) TMJ electrodes. 
Measurements were conducted in 10 mM of pH 4 (___) and pH 7 (---) buffer with 0.1 
M of LiClO4 as the supporting electrolyte.  
 
Eonset of SMJ/C2-EDOT-COOH was found to be −0.14 V in pH 4 buffer. Upon 
exposure to the pH 7 electrolyte solution, Eonset of SMJ/C2-EDOT-COOH increased to 
−0.04 V (Figure 4-11(b)). As discussed earlier in Chapter 3, the carboxylic acid side 
group remained protonated at pH 4 and was deprotonated at pH 7. The deprotonated 
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carboxylate group introduced negative charges to the polymer backbone. The 
presence of the negative charges was hypothesized to have increased the polymer 
oxidative doping energy requirement, resulting in the increase to its onset potential. 
Both the SMJ system and the earlier interdigitated microelectrode (IME) system 
recorded a 0.1-V Eonset shift. The maximum Id of the SMJ/C2-EDOT-COOH system 
remained unchanged at 83 µA in pH 4 and 7 conditions (Figure 4-11(a)). However, 
the Eonset of TMJ/C2-EDOT-COOH remained unchanged at 0.13 V in pH 4 and 7 
electrolyte (Figure 4-11(d)), and its Id of 171 µA at pH 4 experienced a 50% 
reduction to 91 µA when the electrolyte was changed to pH 7 (Figure 4-11(c)). 
Likewise, poly(C4-EDOT-COOH) displayed similar response to the pH variation. 
Eonset of SMJ/C4-EDOT-COOH was −0.21 V in pH 4 buffer, and increased to −0.01 V 
upon exposure to the pH 7 electrolyte solution (Figure 4-12(b)). This 0.2-V Eonset shift 
was consistent with the IME/C4-EDOT-COOH system previously reported. Similarly, 
the σmax of the SMJ/C4-EDOT-COOH system remained unchanged at 110 µA at pH 4 
and 7 (Figure 4-12 (a)). As observed with the poly(C2-EDOT-COOH) experiments, 
the Eonset of TMJ/C4-EDOT-COOH remained unchanged at 0.22 V at pH 4 and 7 
(Figure 4-12(d)), and the Id of 177 µA at pH 4 experienced a 50% reduction to 88 µA 
when the electrolyte was changed to pH 7 (Figure 4-10(c)).  
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Figure 4-11. Drain current measurements of poly(C2-EDOT-COOH) coated on (a) 
SMJ and (c) TMJ electrodes. The scan rate is 10 mV/s with a 10-mV offset between 
the two sets of microelectrodes. The corresponding first derivative of the drain 
current oxidation sweep of poly(C2-EDOT-OH) coated on (b) SMJ and (d) TMJ 




Figure 4-12. Drain current measurements of poly(C4-EDOT-COOH) coated on (a) 
SMJ and (c) TMJ electrodes. The scan rate is 10 mV/s with a 10 mV offset between 
the two sets of microelectrodes. The corresponding first derivative of the drain 
current oxidation sweep of poly(C4-EDOT-COOH) coated on (b) SMJ and (d) TMJ 
electrodes. The measurements are conducted at pH 4 (___) and pH 7 (---). 
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FET measurement. To further investigate the electrical behavior of the 
functionalized PEDOTs, Isd-Vsd comparison was made between EDOT-OH and C2-
EDOT-COOH polymerized on SMJ and TMJ electrodes when Vg was applied at 0 V. 
As expected, EDOT-OH showed no response to pH changes and displayed consistent 
Isd-Vsd characteristics when coated on SMJ and TMJ electrode device. At a source 
drain potential (Vsd) of 0.25 V, the source drain current (Isd) device was 2.2 mA at pH 
4 and 7 for the SMJ/EDOT-OH (Figure 4-13(a)), and 1.7 mA for TMJ/EDOT-OH 
(Figure 4-13(b)). In contrast, poly(C2-EDOT-COOH) displayed different Isd-Vsd 
characteristics when coated on SMJ and TMJ devices. SMJ/C2-EDOT-COOH 
combination was not responsive to pH changes. At a Vsd of 0.25 V, its Isd was 1.9 mA 
at pH 4 and 7 (Figure 4-13(c)), whereas Isd of the TMJ/C2-EDOT-COOH combination 






Figure 4-13. Isd-Vsd measurements of (a,b) poly(EDOT-OH) and (c,d) poly(C2-
EDOT-OH) coated on (a,c) SMJ and (b,d) TMJ electrodes. Measurements are 
conducted in 10 mM of pH 4 (___) and pH 7 (---) buffer, with 0.1 M of LiClO4 as the 
supporting electrolyte. Vg = 0 V. 
 
 
PEDOT is a p-type semiconductor that is dependent on the migration of 
positive charge carriers (radical cations and dications).36 The application of electrical 
potential (described as the onset potential) from the device electrodes triggers 
oxidative doping within the polymer. This introduces positive charge carriers to the 
polymer matrix, switching it to a conducting state at its onset potential. As observed, 
the SMJ and IME systems have similar electrical response to pH changes. We 
hypothesized that the presence of negative charges within the polymer matrix 
restrained the migration of the positive charge carriers in PEDOT matrix upon doping 
oxidation. Hence, the polymer oxidative doping would now require a higher 
application of onset potential to increase the injection of positive charges into the 
polymer matrix.   
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However, for the carboxylic acid functionalized EDOTs coated on the TMJ 
devices, we observe that the negative charges from its side chain do not induce the 
onset potential shifting characteristics. Instead, the modulation of negative charges 
caused a reduction to the polymer’s intrinsic conductivity as reflected by the decrease 
in drain current. This phenomenon could be attributed to the PEDOT’s reduced 
effective conducting pathway between the electrode junctions of the TMJ devices. 
Despite the similar PEDOT volumes deposited on both SMJ and TMJ systems (Table 
4-1), the effective electrical passage across the junctions was restricted by the size 
and shape of the electrodes. The 2-µm flat edge of the TMJ electrode was 
significantly smaller than the wider 65-µm electrode of the SMJ device (Figure 4-4). 
 It could be rationalized that the wider electrical pathway of the SMJ and IME 
systems enabled the influx of sufficient positive charges to neutralize the negative 
side chain charges. Hence, we observed the increased onset potential without a 
change to its intrinsic conductance. In contrast, the positive charge carriers travelling 
across the TMJ electrode junctions have a significantly reduced electrical pathway 
and are now unable to compensate the side chain negative charges through an 
increased injection of positive charges. Thus, the effect of side chain negative charges 
was no longer manifested as an onset potential increase phenomenon. Instead, the 
‘uncompensated’ negative charges effectively reduced the quantity of positive charge 
carriers migrating across the electrode junctions, causing the PEDOT conductance to 
be reduced. This was reflected by the reduction of the drain current. 
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Further electrical characterization of TMJ/C2-EDOT-COOH system 
To further investigate the electrical characteristics of the TMJ/C2-EDOT-
COOH system, the interval electropolymerization method was employed to 
effectively confine the polymer growth within the tapered tips of the TMJ device as 
shown earlier in Figure 4-8. This polymer coating method was employed for the 
following experiments. 
pH variation study. To examine the pH variation in detail, we conducted 
experiments that gradually reduced the pH. As shown in Figure 4-14, the Isd at a Vsd 
of 0.5 V remained relatively constant at ~ 2.5 µA at pH 8, 7 and 6 before a dramatic 
increase to 4.6 µA at pH 5, and subsequently to 5.2 µA at pH 4. From the Isd versus 
pH plot in (Figure 4-14(b)), the Isd increase was between pH 5 and 6, which coincided 
with the deprotonation of the carboxylic acid side chains (see contact angle 
experiments in Chapter 3). This reaffirmed the correlation between the Isd change and 




Figure 4-14. (a) Isd-Vsd measurement of poly(C2-EDOT-COOH) coated on TMJ 
electrodes by interval potential electropolymerization at various pH’s. Experiments 
were conducted from pH 8 to 4 (Vg = 0 V).  (b) Isd current with increasing pH (Vsd = 
0.5 V).   
 
Co-poly(EDOT-OH)-poly(C2-EDOT-COOH) study. To better understand 
the effect of negative charges on the TMJ/C2-EDOT-COOH system, co-poly(EDOT-
OH)-poly(C2-EDOT-COOH) was studied to evaluate the relationship between the 
negative charge quantity and Isd current change. The Isd current change was defined as 
(DI/Io), whereby DI represents the reduction in Isd and Io is the initial protonated Isd 
current. As shown in Figure 4-15(b), (DI/Io) increased linearly with the amount of 
negative charges within the polymer matrix, before reaching a maximum in DI/Io of 
43% with 100% negative charge density within the polymer matrix. This linear 
relationship suggested a quantitative association between the side chain negative 
charges and the PEDOT conductance. It could be rationalized that the negative 
charges compensated an equal amount of the PEDOT positive charge carriers, 
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resulting in a conductance drop that was proportional to the amount of negative 
charges present within the polymer matrix.  
 
Figure 4-15. (a) Isd-Vsd measurement of the co-poly(EDOT-OH)-poly(C2-EDOT-
COOH) system with increasing percentage of carboxylic acid in aqueous solutions.  
The measurements are conducted in 10 mM of pH 4 (___) and pH 7 (---) buffer with 
0.1 M of LiClO4 as the supporting electrolyte. Vg = 0 V. (b) Corresponding (DI/Io) 
percentage change in Isd with increasing amount of carboxylic group. (Vg = 0 V) 
 
PEDOT nanowire FET characteristics 
Upon the integration of PEDOT nanowires to the SMJ devices via the 
application of alternating potential, various FET electrical characterizations were 
performed. The nanowire synthesis method that we employed was dependent on the 
edge smoothness of the fabricated electrodes. Due to the unavoidable rough edges of 
the TMJ electrodes, were unable to consistently incorporate PEDOT nanowires on the 
TMJ devices. Thus, only the SMJ devices were used for the following experiments.  
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pH variation study. As observed previously, poly(EDOT-OH) nanowires 
showed no response to pH changes. Poly(C2-EDOT-COOH) nanowires on the other 
hand displayed a Isd reduction in its deprotonated stated as shown in Figure 4-16(b). 
Its Isd was reduced by almost 67% from 24 µA at pH 4 to 8 µA at pH 7. In contrast, 
the previous ‘bulk’ SMJ/C2-EDOT-COOH system showed no response to pH changes 
(Figure 4-13(c)). This phenomenon could be rationalized by the reduced material 
dimensions of the SMJ/PEDOT nanowire system. As shown from the optical and 
scanning electron micrographs in Figure 4-9, the SMJ electrodes were bridged by 
PEDOT nanowires that were  ~ 200 nm in width. Despite sharing the same SMJ 
electrodes, the electrical pathway of the SMJ/C2-EDOT-COOH nanowire system was 
limited by the narrow width of each individual nanowire. Unlike the ‘bulk’ SMJ 
system, the negative charges from the side chains could not be compensated by the 
injection of more positive charges. Thus, the quantity of its positive charge carriers 




Figure 4-16. (a) Isd-Vsd measurement of poly(EDOT-OH) nanowires integrated on 
SMJ electrodes. (b) Isd-Vsd measurement of poly(C2-EDOT-OH) nanowires integrated 
on SMJ electrodes. Measurements are conducted in 10 mM of pH 4 (___) and pH 7 
(---) buffer with 0.1 M of LiClO4 as the supporting electrolyte. Vg = 0 V. 
 
Gate voltage (Vg) response of PEDOT nanowires. Figure 4-17 shows the 
dependence of source drain current (Isd) versus source drain voltage (Vsd) on gate 
voltage (Vg). At positive Vsd, the Isd value decreased upon increasing the Vg. With the 
application of decreasing negative Vg, we observed an increase in the Isd value. This 
indicated a typical depletion mode p-type transistor characteristic of PEDOT 
nanowires as previously reported.37-43 The application of positive Vg in the FET setup 
created a positive potential field on the polymer surface, which induced an equal and 
opposite amount of negative charges within the inner polymer matrix. As with the 
influence of the negative charges earlier, reducing the overall amount of positively 
charged carriers of the p-type semiconductor effectively decreased the conductance. 
In contrast, a negative Vg created a surface negative potential field that induced an 
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equal and opposite amount of positive charges within the polymer. This increased the 
overall amount of positive carriers, thereby increasing the conductance. To avoid the 
influence of negative charges on the deprotonated carboxylate side chains, the Vg 
variation study was conducted in pH 5 buffer. 
 
Figure 4-17. (a) Isd-Vsd measurement of poly(C2-EDOT-COOH) nanowires integrated 
on SMJ electrodes at various gate potentials (Vg). The dashed line (---) is the FET 
measurement at Vg = 0 V. (b) Isd versus Vg plots at different Vsd values. 
 
DNA detection with EDOT nanowires  
 The negatively charged phosphate groups of the DNA sugar backbone was the 
primary motivation behind the following studies. In applying PEDOT nanowires 
towards the development of ‘label-free’ DNA sensors, the specific base-pairing 
interaction between the immobilized ssDNA capture probe and its complimentary 
ssDNA target would be employed as the DNA detection mechanism.44-48 The primary 
detection scheme was based on recruiting sufficient negatively charged target ssDNA 
on the PEDOT nanowires to influence a change to the PEDOT nanowire FET 
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characteristics. Thus, the DNA recognition signal from the PEDOT system would be 
in the form of an electrical response, monitored by the potentiostat.    
ssDNA probe immobilization on PEDOT nanowires. Amine-functionalized 
ssDNA probe was covalently immobilized onto the poly(C2-EDOT-COOH) nanowire 
surface via standard EDC/NHS coupling. The Isd-Vsd characteristics of the poly(C2-
EDOT-COOH) nanowire devices at a gate voltage of 0 V were recorded before and 
after ssDNA probe conjugation. As illustrated in Figure 4-18(a), the Isd current 
increased dramatically after ssDNA immobilization. On the contrary, a slight Isd 
current reduction was observed in the control experiment (Figure 4-18(b)). The 
PEDOT nanowires in the control experiment were incubated with ssDNA probes, but 
without EDC/NHS activation of the carboxylic acid group. The slight current 
degradation in the control experiments could be rationalized by the slight polymer 
swelling/degradation during the 4-h incubation. On the other hand, the 
current/conductance increase could be attributed to the presence of a negatively 
charged field on the PEDOT nanowire surface. The immobilization of the negatively 
charged ssDNA probes led to a substantial accumulation of negative charge on the 
nanowire surfaces. This gave rise to the negatively charged surface field that was 
similar to the application of negative gate potential. The effect was the induction of 
an equal but oppositely charged, positive carriers within the inner polymer matrix, 
increasing the polymer conductance.  
It was important to note that negative charges have two distinctive effects on 
the electrical behavior of the PEDOT nanowires. The introduction of negative charges 
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to the inner polymer matrix, as modulated by the deprotonated carboxylate side 
groups, reduced the conductance due to the shift in Eonset of PEDOT. In contrast, the 
introduction of negative charges to the PEDOT nanowire surface induced a negative 
potential field that simulated the application of a negative gate potential on the FET 
system. This triggered an increase in the polymer conductance, which was a typical 
depletion p-mode transistor behavior.  
 
 
Figure 4-18. (a) Isd-Vsd measurement of poly(C2-EDOT-COOH) nanowires after the 
immobilization of ssDNA oligonucleotide probes. (b) Control Isd-Vsd measurement of 
poly(C2-EDOT-COOH) nanowires incubated without EDC/NHS activation. 
Measurements are obtained before (___) and after (---) 4 h of incubation with amine 
modified ssDNA probes. FET measurements are conducted at pH 5 with 0.1 M of 
LiClO4 as the supporting electrolyte. Vg = 0 V. 
 
DNA hybridization on PEDOT nanowires. The hybridization of 
complimentary DNA to the immobilized probes was expected to further increase the 
negative potential field on the PEDOT nanowire surface. This was reflected by the 
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increase to the polymer conductance as shown in Figure 4-19(a). The control 
experiment with the non-complimentary DNA displayed almost no conductance 
increase (Figure 4-19(b)).  
 
 
Figure 4-19. Isd-Vsd measurement of poly(C2-EDOT-COOH) nanowires with 
immobilized ssDNA probes incubated with 1 µM of (a) complimentary and (b) non-
complimentary ssDNA. Measurements are obtained before (___) and after (---) 4 h of 
ssDNA incubation. FET measurements are conducted at pH 5 with 0.1 M of LiClO4 
as the supporting electrolyte. Vg = 0 V. 
 
DNA hybridization effect on FET of various SMJ devices. Complimentary 
ssDNA targets of 1, 50, 100 and 1000 nM were incubated in three separate PEDOT 
nanowire SMJ devices that were previously immobilized with DNA probes. Figures 
4-20 and 4-21 illustrate the Isd-Vsd measurements of the device. The overall Isd 
percentage change (rI/Io) of the various devices with increasing DNA concentrations 
are summarized in Figure 4-22. The significant error bars in the plot highlighted the 
sensitivity variation between the various PEDOT nanowire SMJ devices. This could 
 113 
be attributed to the morphological variation of the nanowires synthesized by the 
alternating potential method. The nanowire synthesis was heavily dependent on the 
electrode edge conditions of the SMJ device. The variation between the electrodes 
was unavoidable due to the limitations of the cleanroom fabrication methods 
employed. The larger and more conductive nanowires would be less responsive to the 
influence of the cumulative surface negative charges from DNA hybridization. This 
was evident in the more conductive system in device 2 of Figure 4-21(b), which 
showed a smaller Isd percentage increase compared to its counterparts. Also, PEDOT 
nanowires were more susceptible to degradation, possibly caused by the swelling 
during incubation. Polymer degradation would result in the intrinsic conductivity 
counteracting the effect of the negative potential field cumulated by DNA 






Figure 4-20. Isd-Vsd measurement of poly(C2-EDOT-COOH) nanowires with 
immobilized ssDNA probes on 3 separate devices incubated with (a) 1 nM and (b) 50 
nM of complimentary ssDNA. Measurements are obtained before (___) and after (---) 
4 h of ssDNA incubation. FET measurements are conducted at pH 5 with 0.1 M of 
LiClO4 as the supporting electrolyte. Vg = 0 V. 
 
 
Figure 4-21. Isd-Vsd measurement of poly(C2-EDOT-COOH) nanowires with 
immobilized ssDNA probes on 3 separate devices incubated with (a) 100 nM and (b) 
1 µM of complimentary ssDNA. Measurements are obtained before (___) and after 
(---) 4 h of ssDNA incubation. FET measurements are conducted at pH 5 with 0.1 M 




Figure 4-22. Percentage change of Isd (rI/Io) with increasing concentration of target 
ssDNA oligonucleotide. Vsd = 0.5 V, Vg = 0 V. 
 
In the previous DNA hybridization experiments, the DNA incubation was 
conducted in 0.1 M of NaCl solution, buffered at pH 7, as reported by other groups.49, 
50 However, the FET measurements were conducted in pH 5 to prevent the 
deprotonation of the carboxyl side groups, which would introduce negative charges 
into the polymer matrix. This would counteract the conductance increase triggered by 
the DNA hybridization. In practical DNA detection application, the hybridization and 
FET measurements would have to be conducted simultaneously and in the same pH 
conditions. Due to the current limitations presented by the carboxylic side groups, the 
detection experiments would have to be conducted at pH 5.  
DNA hybridization at pH 5. To verify the hybridization of the DNA at pH 5, 
QCM-D experiment was conducted with a quartz crystal that was previously coated 
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with C2-EDOT-COOH and immobilized with DNA capture probes. 10 µM of 
complimentary DNA targets were dissolved in pH 5 and 7 buffered solutions with 0.1 
M of NaCl flowed into the quartz chambers of the Q-Sense microfluidic system. The 
hybridization of DNA on the PEDOT reflected a quartz mass increase that 
corresponded to a resonance frequency and dissipation change (see Figure 4-23). The 
frequency and dissipation change was observed in both pH conditions, confirming 
that pH 5 conditions were suitable for DNA hybridization to take place. 
 
 
Figure 4-23. Frequency shift of EQCM quartz crystal coated with DNA probe 
immobilized poly(C2-EDOT-COOH) after the introduction of 10 µM of 
complimentary target ssDNA at (a) pH 5 and (c) pH 7 buffer. Target ssDNA was 
prepared with 10 mM of Tris buffer and 0.1 M of NaCl. The corresponding quartz 
crystal dissipation change after the introduction of ssDNA at (b) pH 5 and (d) pH 7.  
 
DNA detection limit. To investigate the DNA detection limit of the PEDOT 
DNA probe immobilized nanowires, experiments were conducted on a PEDOT 
nanowire device at pH 5. The concentration of target DNA incubated on the device 
was steadily increased at 1-h intervals. Isd-Vsd measurements were conducted at the 
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end of each interval to progressively monitor the nanowire FET characteristics upon 
DNA hybridization. As shown in Figure 4-24, a 22% increase in Isd current was 
observed at 10 nM of DNA. With increasing DNA concentration, the Isd current 
increased steadily before saturating at 60% beyond 50 nM. The surface negative field 
potential on the nanowire surface increased as more DNA hybridized on the nanowire 
surface. Hence, the Isd current increased quantitatively with the DNA target 
concentrations before reaching a plateau when the capture probes were fully saturated 
with DNA targets.  
 
Figure 4-24. (a) FET characterization curve of DNA probe immobilized poly(C2-
EDOT-COOH) with increasing target DNA. The dash line represents the initial FET 
measurement with 0 µM of target DNA. (b) (rI/Io) % with increasing amount of 
target ssDNA oligonucleotide. Vsd = 0.5 V, Vg = 0 V. 
 
Conclusion 
We have fabricated microjunction electrode devices that allow 5-µl droplet of 
test solution to be isolated and form an electrolyte chamber that connects the working, 
counter and reference electrodes to create a liquid gated FET system. This 
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configuration enables electrical experiments to be conducted with microliter 
electrolyte solutions, paving the way for the development of a PEDOT ‘lab-on-a-
chip’ system capable of droplet-based detection.  
Functionalized PEDOTs were integrated onto the electrode junctions of the 
devices through various electropolymerization methods. The application of 
alternating potential directly combines nanowire synthesis and device integration, 
eliminating the ohmic contact problems when integrating pre-synthesized conducting 
polymer nanowires with electrode junction devices.  
The comparative study between the TMJ and SMJ devices shows that reduced 
ohmic contact between the device electrode and the PEDOT polymer results in 
reduction in the polymer’s intrinsic conductance instead of an onset potential shift, 
when subjected to negative charges modulated by its side chains. This electrical 
behavior extends to poly(C2-EDOT-COOH) nanowires that have significantly 
reduced dimensions. Further studies highlight the important distinction between the 
intrinsic and surface negative charge effects on the FET characteristics of PEDOT 
nanowires. The modulation of negative charges within the polymer’s intrinsic matrix 
causes a reduction in the polymer conductance. However, the negative charges on the 
PEDOT nanowire surface create a negative potential field that increases its 
conductance.  
The effect of negative surface charges was evident from the immobilization 
and hybridization of DNA on the PEDOT nanowire surface. This phenomenon was 
used in the application of DNA detection, achieving a detection limit of 10 nM of 
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DNA. The coupling of the PEDOT nanowires and a suitable microjunction device, 
connected to a potentiostat via simple chip fixtures, demonstrates the application of a 
DNA sensing transducer based on the PEDOT conducting polymer. The hybridization 
between the target DNA and its capture probe is directly translated to a conductance 
change within the PEDOT nanowires, which are electrically monitored by the 
potentiostat. This direct detection system does not require the DNA targets to be pre-
labeled, and represents a significant step to the development of a more efficient but 
yet simplified DNA detection system.  
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Chapter 5 : Conclusion and Future Work 
Conclusion 
  In Chapter 2, GSH-capped QDs demonstrated selective fluorescence 
quenching in the presence of Pb2+ ions. 50% of the fluorescence intensity of GSH-
ZnCdSe QDs was quenched in the presence of as low as 20 nM of Pb2+. This nature-
mimicking system was capable of Pb2+ detection even in the presence of an ion 
mixture, and only became less sensitive when the ion mixture was present at a very 
high concentration. The low detection limit of Pb2+ was primarily due to the superior 
fluorescence properties of QDs. The fluorescence quenching was hypothesized to be 
attributed to the stronger binding between heavy metal ions and the surface GSH 
capping layer, as confirmed by detailed mechanistic studies of spectroscopy, 
microscopy, and dynamic light scattering.  
 By coupling the highly selective and sensitive GSH-capped QDs with a high-
throughput detection system, we have developed a simple detection system for quick 
and ultrasensitive Pb2+ detection without the need for additional electronic devices. 
The detection was made possible by the GSH-capped QDs that functioned as a Pb2+ 
sensing transducer. The Pb2+ GSH binding event was directly translated to a 
fluorescence intensity change, reported by the fluorescence microplate reader.  
In Chapter 3, C4-EDOT-COOH and C2-EDOT-COOH monomers were 
successfully synthesized and polymerized on interdigitated microelectrode devices. 
The functionalized polymers showed great stability in aqueous medium, and more 
 124 
importantly, the carboxylic acid side groups would allow for the conjugation of 
biological probes via conventional EDC/NHS coupling reactions. The first example 
of conductimetric response from shifting the conductivity curve was demonstrated via 
the modulation of negative charges in the polymer matrix through side-chain 
carboxylic acid groups of poly(C4-EDOT-COOH) and poly(C2-EDOT-COOH)-
coated interdigitated microelectrodes. The devices were utilized as resistive sensors, 
producing an immediate 0.5-mA current response from pH manipulation. The 
device’s large, rapid amperometric response demonstrated its potential as a sensing 
device with low power requirements.  
The study concluded that to utilize this methodology for biosensing 
applications, the targeted biological analytes would have to be negatively charged so 
as to induce the necessary charge density increase upon binding with the immobilized 
bioprobes. Charge density above 80% was identified as the critical threshold point 
needed by the biological targets to successfully produce the desired amperometric 
response. 
In Chapter 4, microjunction electrode devices were specially fabricated to 
form a liquid gated FET device that enabled experiments to be conducted with 
microliter electrolyte solutions, paving the way for the development of a PEDOT 
‘lab-on-a-chip’ system capable of droplet-based detection. Functionalized PEDOTs 
were integrated onto the electrode junctions of the devices through various 
electropolymerization methods. The application of alternating potential directly 
combined nanowire synthesis and device integration, eliminating the ohmic contact 
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problems when integrating pre-synthesized conducting polymer nanowires with 
electrode junction devices. Detailed studies highlighted the important distinction 
between the intrinsic and surface negative charge effects on the FET characteristics of 
PEDOT nanowires. The modulation of negative charges within the polymer’s 
intrinsic matrix caused a reduction to the polymer conductance, while the negative 
charges on the PEDOT nanowire surface created a negative potential field that 
increased its conductance. The surface charge phenomenon was used in the 
application of DNA detection, achieving a detection limit of 10 nM DNA.  
The coupling of the PEDOT nanowires and a suitable microjunction device, 
connected to a potentiostat via simple chip fixtures demonstrated the application of a 
DNA sensing transducer based on the PEDOT conducting polymer. This direct 
detection system did not require the DNA targets to be pre-labeled and represented a 
significant step to the development of a more efficient, but yet simplified, DNA 
detection system. 
Overall, the research examined two types of materials-based biosensing 
systems, the fluorescence detection system based on the GSH-capped QDs and the 
electrical detection system based on PEDOT integrated on microelectrode devices. 
The mechanistic behaviors of QDs and CPs as transducing materials were 
investigated, and both systems were demonstrated as practical detection systems that 




 In the GSH-capped QD-based system, the only ions that strongly interfered 
with the Pb2+ detection were Ag+ and Cu2+ because they also showed similar 
quenching effect as Pb2+ at similar concentration levels. This remained the limitation 
of the GSH-QD detection system, despite its higher sensitivity and more selective 
response as compared to other QD-based metal ion detection.1, 2 The Cu2+ 
interference was most likely associated with different mechanism, such as metal 
cluster incorporation or coordination-mediated aggregation.3 It could possibly be 
eliminated with improved peptide coating. Future work could also examine 
alternative peptides that could bind specifically with selected important biological 
targets. 
 For industrial and environmental applications of our QD system, the samples 
would need to be pretreated to avoid interference from Ag+ and Cu2+ ions. A 
miniaturized fluorescence detection device could be designed and used to conduct the 
detection experiments. This would enable the analysis to be conducted on-site.   
 IME device coated with poly(C4-EDOT-COOH) was demonstrated as a pH-
sensitive resistive sensor that produced a large amperometric response upon pH 
manipulation. The pH change corresponded with the pKa value of the monomer’s 
carboxylic acid functional group. A possible future direction of this research could be 
in the development of real-time pH sensors based on functionalized PEDOT coated 
IME devices. The synthesis of functionalized EDOT monomers with varied pKa 
values and further co-polymerization studies would have to be performed. In 
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particular, the electrical characteristics of poly(EDOT-NH2) would be of great interest. 
EDOT-NH2 monomer was successfully synthesized by my colleagues, but could not 
be electropolymerized onto the IME devices. Future efforts could be devoted towards 
overcoming this challenge. Currently, we have only looked at the effects of negative 
charge perturbation on PEDOT’s electrical behavior. The study of positive charge 
influence on the polymer would be a natural progression of this research.   
 In the application of PEDOT nanowires towards ‘label-free’ DNA detection, a 
major limitation was the detection consistency due to the morphological variation in 
the nanowires. Future improvements could be made to the fabrication consistency of 
the microjunction devices. The electropolymerization conditions could be further 
developed to produce more consistent nanowires. The device’s sensitivity could be 
improved by using a more optimized gate voltage (Vg). Alternative bio-conjugation 
methods such as “click chemistry”4 could be employed, and sensing applications 
could be extended by utilizing bio-recognition elements such as aptamers,5 
antibodies,6, 7 and novel synthetic protein receptors via click chemistry.4, 8 
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